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ABSTRACT
The Beni Bousera ultramafic massif is a tectonically emplaced body of upper mantle material that
is exposed over 72 km2 in the Betic-Rif-Tell orogenic belt of northern Morocco. The massif is
composed primarily of spinel lherzolite, although meter-scale domains of harzburgite, dunite, and
veins and layers of pyroxenite are relatively common. A combined field and laboratory-based
investigation of Beni Bousera has yielded a new dataset comprised of whole rock and mineral
chemistry data that is used to suggest the massif is more heterogeneous than previously
interpreted, and that "secondary" peridotites and dunites were formed by different petrogenic
processes than the remainder of the massif. Trends in the CaO-MgO-Al 203-SiO 2 system and trace
element patterns suggest partial melting of the peridotite played a significant role in the evolution
of the massif, as has been previously suggested for other orogenic peridotites. Heterogeneous
zones - regions throughout the massif with diverse groups of peridotites and pyroxenites - are
believed to be relict melt transport channels. Peridotites and pyroxenites found in these zones
show evidence of interaction with a relatively depleted melt (high Cr, low Al and Ti in mineral
phases), and textures that suggest the secondary precipitation of neoblastic pyroxenes along
matrix olivine grain boundaries. Rare earth element concentrations of clinopyroxene from two
peridotite groups suggest equilibration in the garnet stability field, and temperatures calculated
from dysprosium concentrations are usually higher than those determined from two-pyroxene
thermometry. Linear major element patterns versus MgO and whole rock REE compositions of
Beni Bousera dunites suggest that they cannot have formed via partial melting alone. The data
collected here also suggest that the massif has experienced several mantle P/T conditions, and
continuously equilibrated during exhumation and emplacement into the crust. A comparison with
the geometry of the melt transport domain at Ronda, another Mediterranean peridotite body,
suggests that although Beni Bousera and Ronda may be related in age of exhumation, melt may
have been transported via different pathways in the two massifs.
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Introduction
Orogenic peridotite massifs offer petrologists a rare opportunity to study mantle
processes that are not available via other samples of the mantle (e.g., xenoliths, ophiolites and
abyssal peridotites). Xenoliths are commonly contaminated by incompatible and volatile
elements during entrainment and eruption (Harte, 1983; Menzies, 1984; Wilshire, 1984; Zindler
and Jagoutz, 1988), and ophiolites and abyssal peridotites are affected by high degrees of melt
extraction and hydrothermal alteration by seawater (Dick and Bullen, 1984; Snow et al., 1994).
For these reasons, fresh samples from orogenic peridotites are considered to be the most pristine
and fertile mantle samples (typically >10% clinopyroxene; Bodinier and Godard, 2005) preserved
on the earth's surface.
Studies of tectonically emplaced peridotites have focused on alpine and western
Mediterranean massifs because of their generally large exposure, accessibility, and preservation
of samples that are considered to represent fertile mantle (e.g., sample R717 of Frey et al., 1985).
The Beni Bousera (N. Morocco) and Ronda (S. Spain) peridotite massifs (Fig. 1) are two of the
largest exposures of tectonically emplaced lherzolite and as a result, have been the focus of a
wide range of geological studies. Integrated field and laboratory studies have made significant
progress in unraveling the complex structural and petrogenic evolution of orogenic lherzolites,
particularly focusing on the origin and diversity of their mafic and ultramafic lithologies (e.g.,
Obata, 1980; Pearson et al., 1993), and processes by which these massifs were exhumed from the
mantle and emplaced into the continental crust (e.g., Docherty and Banda, 1995; Azafh6n et al.,
1998; Argles et al., 1999; Jolivet et al., 2003; Platt et al., 2003a). One particular area of interest
involves the role of foreign, infiltrating melt in (1) producing observed compositional diversity in
the mantle (e.g., Kelemen et al., 1992) and (2) facilitating deformation (e.g., Holtzman et al.,
2003), possibly leading to buoyancy-driven upwelling (Jagoutz et al., 2006; Hernlund et al.,
2008), thereby aiding in our understanding of peridotite emplacement mechanisms.
In this paper, we combine field-based textural observations of mineral phases with
geochemical measurements of Beni Bousera whole rocks and minerals in an attempt to formulate
a comprehensive understanding of the role of infiltrating melt in producing a suite of diverse
peridotites. Results indicate that "secondary" peridotites associated with discrete melt-transport
domains at Beni Bousera (Gysi et al., 2011), as well as olivine-rich (i.e., dunitic) pods and layers
may have undergone pyroxene precipitation/dissolution, leading to variations in modal
mineralogy and chemistry. When combined with observations of peridotite textures, geochemical
data are in-line with processes that call for at least one generation of melt infiltration through
these zones, which may have lowered the bulk integrated density of the entire massif (e.g.,
Jagoutz et al., 2006) and driven emplacement into the continental crust. Rare earth element
concentrations of porphyroclastic pyroxenes in several of the Beni Bousera peridotites may be
remnants of higher temperature equilibration in the garnet stability field, prior to equilibration in
the spinel facies. Linear arrays in major element whole-rock components, and whole rock REE
compositions, indicate that the remainder of the peridotites at Beni Bousera may be residues of
partial melting, as has been suggested at other Mediterranean massifs (e.g., Suen and Frey, 1987;
Frey et al., 1985).
Geologic Background
The Beni Bousera ultramafic massif outcrops over -72 km2 within the Rif orogenic belt
of northern Morocco (Fig. 1). The Rif is part of the larger Betic-Rif-Tell belt, which extends
from southern Spain to northern Algeria in a tightly arcuate package of rocks in which several
crustal and mantle levels are exposed. The Betic-Rif belts are subdivided into the Internal and
External zones, corresponding to degree of deformation and position within the orocline (Michard
et al., 2008). The Beni Bousera and Ronda peridotites are situated in the Internal zone, and are
structurally enveloped by lower-crustal granulite composed of garnet-kyanite kinzigites
(metapelites), and minor mafic garnet granulites. Exhumed core complexes and other Internal
zone metamorphosed crustal fragments document the complex thermal (e.g., Monie et al., 1994;
Argles, 1999; Platt et al., 2003a; Esteban et al., 2004) and tectonic (e.g., Azah6n and Crespo-
Blanc, 2000; Platt et al., 2003b, 2005) history of the region. The overlying External zone consists
of thrusted and shortened packages of former African and Iberian passive margin sediments,
which have experienced thin-skin deformation (Jolivet and Faccenna, 2000; Vissers et al., 1995).
The predominant lithology in the Beni Bousera massif is spinel lherzolite, although
harzburgite and dunite are relatively common, particularly towards the kinzigite contact (Reuber,
1982). Strongly foliated garnet-bearing dunites and lherzolites located near the contact were
interpreted by Kornprobst (1969) and Schubert (1982) as relicts of mechanical mixing of garnet
pyroxenites with spinel peridotites, however primary garnet lherzolites have been documented at
Ronda (Obata, 1980; Frey et al., 1985) and Beni Bousera (Saddiqi et al., 1988). These garnet
lhezolites occur at the highest structural levels within the massifs, with abundant spinel lherzolites
(Beni Bousera) and spinel and plagioclase lherzolites (Ronda) at deeper levels. Mapping of these
structural domains by Obata (1980) led to emplacement models that called for rapid cooling of
garnet lherzolites along the crustal contact, and slower cooling of spinel and plagioclase lherzolite
at shallower levels. More recently, the identification of a km-scale zone of porous melt flow (e.g.,
Van der Wal and Bodinier, 1996; Lenoir et al., 2001) has been key in understanding the role of
melt percolation in producing a range of peridotite textures. The melt percolation front at Ronda
marks the boundary between foliated spinel tectonites, interpreted as the original lithospheric
mantle, and an underlying granular peridotite domain, which has been overprinted by the
infiltrating asthenospheric melts (Van der Wal and Vissers, 1996).
Approximately 2-5% of the Beni Bousera massif is composed of pyroxenite veins and
layers (Pearson et al., 1993) that range in composition from garnet pyroxenite to olivine gabbro,
show a significant variation in REE and isotopic composition, and appear not to be derived from
melting of the host peridotite (Suen and Frey, 1987; Pearson et al., 1993; Pearson and Nowell,
2004). Although it was initially believed that the pyroxenites were dominantly derived by high-
pressure fractionation of melts at depth (Loubet and Allegre, 1978; Pearson et al., 1993), more
recent work has emphasized the role of foreign, reactive melts in producing a range of pyroxenite
compositions via reaction with peridotites at Ronda (e.g., Garrido and Bodinier, 1999; Bodinier et
al., 2008) and Beni Bousera (Gysi et al., 2011).
Many studies have investigated the origin and diversity of these mafic rocks,
predominantly due to the presence of graphitized diamonds in garnet pyroxenites at Ronda
(Davies et al., 1993) and Beni Bousera (Slodkevitch, 1982; Pearson et al., 1989; Pearson et al.,
1993). The graphite pseudomorphs after diamond invite the interpretation that both massifs were
exhumed from depths greater than 150 km (~4.5 GPa; Davies et al., 1993) and may have
followed similar P-T-time pathways leading to emplacement (Bonini et al., 1973). Although the
evolutionary pathways of these massifs appear to be linked in space and time, the present study
focuses on the ultramafic lithologies at the Beni Bousera massif with only comparative reference
to the Ronda peridotites.
Previous Work
Studies of Beni Bousera have predominantly focused either on the geochemistry of spinel
lherzolites and pyroxenites (e.g., Loubet and Allegre, 1979; Pearson et al., 1989; Pearson et al.,
1993; Kumar et al., 1996; Blichert-Toft et al., 1999; Pearson and Nowell, 2004), or on the
tectonic and structural evolution of the massif (Reuber et al., 1982; Montel et al., 2000; Michard
et al., 2006; Negro et al., 2007, 2008). In a first step towards linking field-based observations
with geochemical analyses of Beni Bousera whole rocks and minerals, Stanley (2009)
characterized and mapped out different peridotite domains based on textural heterogeneity within
the spinel lherzolites (Figs. I & 2; Table 1), and postulated that these peridotite groups were
formed via different processes. The peridotite naming convention of Stanley (2009) is used here,
and is described in the Results section. Geochemical data in this paper are presented on several
samples that were collected over three field seasons (Table 1).
An important recent contribution by Gysi et al. (2011) was the identification of zones that
may have been formed by focused melt percolation through the host peridotite. These zones are
characterized by an abundance of Cr-diopside websterites and garnet clinopyroxenites
intercalated with foliated peridotites that differ texturally and compositionally from the
surrounding host lherzolite. Within these heterogeneous zones (see Fig. 1), peridotites range in
composition from dunite to lherzolite. The lherzolite is characterized by a "honeycomb" texture
that shows distinct networks of opx-cpx-spinel along olivine grain boundaries. A detailed
geochemical study of pyroxenites and peridotites from a heterogeneous zone in the southern
portion of the massif has identified four separate groups of pyroxenites (Gysi et al., 2011),
distinguished dominantly by rare earth element chemistry and crosscutting relationships. These
pyroxenites were derived by a series of petrogenic and tectonic processes, including high-
pressure fractionation of garnet clinopyroxenites, late-stage reaction of primitive melt with host
peridotite, and incorporation of delaminated lower crustal lithologies into the mantle. The
identification of these various processes has shed light on the complex evolution of the Beni
Bousera peridotites, and their association with the peridotites of the heterogeneous zones.
Detailed microstructural observations in combination with lattice-preferred orientations
of olivine across one of these heterogeneous zones (Stanley, 2009) indicate that a change in shear
sense occurs across the zone, suggesting channel-type deformation. Based on detailed P/T
observations of Gysi et al., (2011), and consideration of the conditions during dislocation creep-
accommodated deformation, Stanley (2009) was able to related the deformation to synchronous
melt percolation resulting in the formation of the so-called type-1 pyroxenites (Cr. diopside
websterites; Gysi et al., 2011). Evidence for melt percolation outside of the heterogeneous zones
has not been documented, and it is the goal of this work to asses the roles to which partial melting
and melt infiltration affected the remainder of the massif.
Methods
Mineral Chemistry
Major element mineral compositions were determined using a JEOL JXA 8200 electron
superprobe at MIT, equipped with five wavelength-dispersive spectrometers. Operating
conditions consisted of an acceleration voltage of 15 kV, a 20 nA beam current and a narrow
beam (-1 im diameter) for all minerals except pyroxene, for which a 20-pim beam was used to
integrate exsolution lamella. Several mineral grains interpreted as porphyroclasts and neoblasts
within each sample were analyzed, ranging in size from -50 jim - 1 cm. Element peak and
background counting time was 20 - 40 s. Natural and synthetic oxides were used as standards.
Averages of mineral compositions and 1-cr deviations are listed in Table 2.
Trace element concentrations of pyroxenes and olivine were determine in situ on 100
pm-thick sections at Memorial University, St. John's, Newfoundland using a single collector
ThermoFinnigan Element ICP-MS equipped with a 193 nm ArF Eximer laser. Analyses were
performed using a 25 kV potential with a 10 Hz pulse repetition rate, and laser fluence of -5
J/cm2. Beam diameter was typically 50-80 jim, depending on grain size. Sample fracture and
sputtering was observed with beam diameters larger than 100 tm. NIST 612 and USGS BCR-2G
standards were characterized at the beginning and end of each block of -14 unknown analyses for
calibration and quality assurance, and REE concentrations of BCR-2G were within -10% of REE
values reported by Witt-Eickschen and O'Neill (2005) for a similar LA-ICPMS procedure. Data
reduction was performed using the Memorial University in-house LAMTRACE software
(Jackson, 2008). Run detection limits were calculated by taking the 3-a of the background signal
(i.e., with the laser off) and diving by the machine sensitivity (cps/ppm) of NIST 612. Low
background count rates (~10-100 cps for LREE) yield high signal/background ratios for this
method. A selection of olivine and spinel data is given in Table 3, and a complete dataset can be
found in Appendix 1.
Whole Rock Major and Trace Elements
Major element analyses were performed on powdered whole-rock samples by x-ray
fluorescence (XRF) at the University of Massachusetts, Amherst, and trace element analyses by
solution ICP-MS at Harvard University. For XRF analysis, powdered samples were fused into
lithium borate glass disks and element compositions were determined using a Siemens MRS-400
multi-channel X-ray spectrometer following a modified procedure of Norrish and Hutton (1969).
A suite of transition metals (e.g., Ni, Cr) was also obtained by XRF, and the BHVO-1 standard
(Flanagan, 1976) yielded oxide compositions typically within 6% of the accepted standard values
of these elements. Bulk major and trace element analyses by XRF are given in Table 4.
Concentrations of trace elements were also determined using GV Instruments Platform-
XS (WA074) ICP-MS on dissolved whole rock powders. Samples (0.500 g) were dissolved in
1:1 HF:HNO 3, and washed 3 times with I mL 6N HNO 3 and once with 1 mL 6N HCL following
the procedure of Ionov et al. (2002). Spinel dissolution was achieved following 2 weeks in a
concentrated solution of 2 mL HF and 2 mL HNO 3 in a warm oven, and we did not use the
perchloric acid method of Ionov et al. (2002) to dissolve spinel. Unknown trace element
concentrations were determined by utilizing calibration curves from the analyses of the BCR-1,
BHVO-1 and AVG-I standards (standard values from Huang and Frey, 2003), and confirmed by
running each sample set in duplicate, as well as standard PCC-1 as an unknown. Unknown
concentrations determined by linear regression were within 5% of accepted standard values for
REEs (Huang and Frey, 2003). A complete data set is given in Table 5.
Results
Field Observations
Figure 2 outlines salient textural and mineralogical features of each peridotite group.
Peridotites were classified in the field following the mineralogical and textural classification
scheme of Stanley (2009). A full listing of the samples analyzed in this study, estimates of
mineral modes, and GPS coordinates can be found in Table 1. Primary peridotites (Fig. 2a)
comprise the majority of the massif, and are characterized by a course-granular texture with little
evidence of macroscopic deformation or a foliation. Although peridotite modal proportions vary
locally, they typically contain -12-15% clinopyroxene and 22-27% orthopyroxene. Spinel is also
relatively abundant, and does not appear to show evidence of deformation. Neoblastic grains
(-100 im) are often found associated with larger, round porphyroclastic grains, and
clinopyroxene (-1-2 mm) are abundant, and observed in hand specimen. In thin section, mineral
phases appear fresh, and clinopyroxene is typically bright green in color. Spinel is a relatively
minor phase in all samples (-3-5%), as is serpentinite alteration.
Secondary peridotites are identified in the field by their sinuous opx-cpx-spinel networks
that surround matrix olivine. They typically have less clinopyroxene than primary peridotites
(-10%), which occasionally form patches and clusters. They have a high proportion of small
neoblastic grains (-50 - 200 pm) that share angular, cuspate grain boundaries with olivine and
orthopyroxene than other peridotite domains. The secondary peridotites are dominantly found
interspersed in the primary peridotites, in mapped -10-100 meter domains referred to as
heterogeneous zones (Fig. 1). Little deformation is associated with these samples, and the
'honeycomb' texture of Stanley (2009) is typically preserved (Fig. 2b).
Porphyroclastic peridotites (Fig, 2c) also form a significant portion of the massif,
dominantly overlying the primary suite (Fig. 1). They are typically rich in orthopyroxene (up to
-35% in areas), which are usually large (up to -1 cm), oblong grains that define the foliation with
olivine, and are concordant to abundant layers of pyroxenite. Olivine-rich pods and layers are
common throughout this unit, and are both concordant and discordant to the foliation. Neoblastic
grains of opx and cpx are associated with porphyroclastic grains, although clinopyroxene is less
abundant (-8-10%). Boundaries between olivine-rich bands and orthopyroxene-rich peridotite
are typically very sharp and distinct.
Border zone peridotites (Fig. 2d) outcrop in an envelope surrounding the massif, close to
the crustal contact (Fig. 1). Long (up to 3 cm) orthopyroxene grains are frequently found, as are
dunitic layers and abundant pyroxenites that are concordant to the foliation. Pyroxenites are
abundant and concordant to the peridotite foliation in this region of the massif. Three border zone
samples BB1002, BB1022, and BB1017 contain garnet visible in hand specimen. The garnet in
these samples are always heavily kelyphitized, with large reaction rims surrounding small cores.
On occasion, highly deformed peridotites resembling those found in the border zone were found
outcropping with other groups. We refer to these peridotites as 'deformed' in geochemical
analyses, and the relationship of these peridotites to other mapped domains remains an area of
active research.
Heterogeneous zones (Figs. I & 2e) are characterized by an abundance of thick (up to I
m) garnet clinopyroxenites and orthopyroxenite layers (up to -10 cm thick; Fig. 2), swarms of
thinner (-1 cm) Cr-diopside websterites, and pods of secondary peridotite and dunite. The
diversity of pyroxenites in these zones was recently described by Gysi et al., (2011), who used
trace and rare earth element compositions of four groups of pyroxenites to suggest that these
regions experienced multiple generations of melt infiltration. Interspersed Cr-diopside
websterites commonly show diffuse contacts with the secondary peridotites. Melt migration may
have triggered deformation in these zones, as is suggested by lattice preferred orientations of
olivine (Stanley, 2009). Figure 2 (e and f) shows a polarized-light image of a -10 cm thick
orthopyroxenite dike from the southwestern heterogeneous zone (see Fig. 1). It is comprised of
-95% orthopyroxene, and is concordant to other pyroxenites and the peridotite foliation.
Whole Rock Major and Trace Elements
Bulk major element and trace element compositions of Beni Bousera samples are plotted
on an anhydrous basis in Figures 3 and 4. LOI values of peridotites range from 0.31-6.51% with
a mean of -3%. Only fresh samples, with minimal amounts of serpentinization were chosen.
The observed range in LOI is comparable to other studies of western Mediterranean massifs (e.g.,
Frey et al., 1985; Soustelle et al., 2009) that have discerned no significant major element
abundance changes as a result of partial serpentinization.
As expected, whole rock major element compositions are correlated with mineral modes,
with olivine rich rocks plotting at high MgO, low CaO, A120 3 and TiO 2, and pyroxene rich
peridotites with lower MgO and higher CaO, A120 3, and TiO 2. The porphyroclastic peridotites
have elevated TiO 2 (0.13 - 0.18 wt. %), CaO (2.88 - 4.10 wt. %) and A120 3 (3.11 - 3.94 wt. %)
compared to the remainder of the massif (Avg. TiO 2 = 0.09 wt. %; CaO = 2.40 wt. %; A120 3 =
2.65 wt. %), and have high MgO (46.3 - 48.8 wt. %). The primary peridotites show significant
variation, primarily in CaO (1.35 - 4.11 wt. %), A120 3 (1.21 - 5.16 wt. %), TiO 2 (0.04 - 0.16
wt. %), and MgO (35.75 - 44.20 wt. %). The secondary samples show less variation than the
primary samples (CaO = 1.80 - 2.86 wt. %; A120 3 = 1.70 - 3.08 wt. %; TiO 2 = 0.03 - 0.09 wt. %),
and have MgO = 40.44 - 43.10 wt. %. NaO2 distribution is similar to that of TiO 2, and FeO and
SiO 2 show relatively uniform concentration, with the exception of the low-SiO 2 dunite samples.
Dominantly linear trends with MgO are observed, as well as similar major element
composition to other Beni Bousera (Gysi et al., 2011) and Ronda peridotites (e.g., Frey et al.,
1985; Suen and Frey, 1987; Soustelle et al., 2009). Similar linear arrays are observed for the
majority of the peridotites when major element oxides are normalized to an unchanging
component (e.g., Si0 2 and MnO following Pearce, 1968; Fig. 3). Dunites and porphyroclastic
peridotites plotted on the Pearce-type diagram, however, appear to have different slopes than the
remainder of the massif. Dunites trend towards higher MgO and FeO, and lower CaO, likely due
to higher modal olivine and lower modal clinopyroxene than the rest of the suite.
Plots of Ti, CaO and MgO versus Cr/Al show decreasing Ti and CaO, and increasing
MgO with increasing Cr/Al (Fig. 4). The dunites are the most refractory, with high Cr/Al (0.32 -
0.58) and the primary and porphyroclastic peridotites have high Ti, CaO and low MgO at
relatively low Cr/Al (0.04 - 0.18). The deformed and border group peridotites plot with similar
Ti, CaO and MgO, and a narrower range in Cr/Al (0.06 - 0.10) while the primary and secondary
peridotites appear to show a wider range in these constituents (secondary Cr/Al: 0.08 - 0.13).
Clinopyroxene from these samples appear to be Cr-rich in hand sample, with a characteristic
bright green color. One dunite sample (BB-08-08) has slightly enriched Ti and shows lower
Cr/Al than the other dunite (BB-08-45). Only one primary sample (BB-10-05) has Cr/Al, MgO
and Ti contents approaching the secondary and dunite samples.
Preliminary whole rock trace element analysis indicates that there are significant
differences between the peridotite groups (Table 5; Figure 5). Several samples, including
peridotites from the primary, border, secondary and porphyroclastic groups show REE
concentrations that are typical of mantle residues of partial melting, that is, increasing
concentration from LREE to HREE on a spider diagram. The primary peridotites show the
greatest variation in REE, but this may be due to the larger sample set than other facies. The
porphyroclastic samples show the least variation in REE. BB-08-08, a dunitic sample, shows a
unique "u-shaped" REE pattern, with higher concentrations of LREE and HREE than MREE. It
also has a pronounced europium anomaly, which is not observed in any of the other samples. All
samples show a characteristic negative anomaly in Zr and a positive anomaly in Ta.
In Figure 5, these patterns are compared to a modeled residue produced by melting
sample BB-08-30 (a fertile primary sample) using the simple non-modal batch melting equation
of Shaw (2006) and a starting mode of 63% olivine, 12% clinopyroxene, 20% orthopyroxene and
5% spinel. The model results indicate that the dunite sample is truly unique, and cannot be
related to the remainder of the peridotite facies. HREE compositions in the remainder of the suite
can be explained by 0-10% melting of a fertile sample, but LREE compositions are consistently
high. The results of this simple model are discussed further in the discussion section.
Mineral Chemistry
The following section describes the major and trace element chemistry of clinopyroxene,
orthopyroxene and olivine in each of the peridotite groups. A comparison of facies based on
microprobe data is shown in Fig. 6. Pairs of coexisting ortho-and clinopyroxene were analyzed
for all thermometric calculation (Putrika, 2008).
Mineral compositions of the secondary peridotites and dunites are the most distinct from
the other samples. Secondary peridotites have ortho- and clinopyroxene with low TiO 2 (TiO 2 ,px
- 0.06 - 0.12 wt. %, TiO 2 px = 0.22 - 0.40 wt. %) and elevated Cr 2 0 3 (Cr 2O3 op, = 0.28 - 0.79
wt. %, Cr 2O3 cp = 0.95 - 1.66 wt. %) compared to the other peridotites (TiO 2 opx = -0.13 wt. %,
Ti2 ,p = -0.57 wt. %, Cr2O3 ,p, = -0.38 wt. %, Cr2O3 cpx =-0.75 wt. %; Fig. 6). They also have
olivine with high Mg# (90), and spinel with elevated Cr# (0.27; Table 2; Figure 7). The dunitic
samples are similar to secondary peridotites, but have cpx and opx that are more depleted in TiO 2(opx = -0.03 wt. %, cpx = -0.04 wt. %) and less enriched in Cr 20 3 (opx = 0.41 wt. %, cpx = 0.81
wt. %). Spinel from the dunite samples have higher Cr/Al and wide variation in NiO and A120 3
concentration. The variation in oxides in Fig. 6 (shown as 1-sigma of the mean of several
analyses) indicates significant overlap between facies, but that secondary peridotites and dunites
are each distinct in some parameters (e.g., low cpx TiO 2, opx TiO 2, higher spinel Cr/Al; Figs. 4 &
6).
Primary peridotite samples demonstrate wide variation in olivine nickel contents at
relatively low Mg#, and similar spinel Cr# to other samples (Fig. 7). Porphyroclastic samples
have low olivine Ni (2731 - 2913 ppm) and Mg# (87.9 - 88.6), and elevated olivine Ti (average
= 26.0 ppm) compared to secondary samples (Ni = 2925 - 3667 ppm; Ti = 7.1 - 18.7 ppm).
Border zone peridotites show the most significant inter-sample variation (Fig. 6), and
orthopyroxene neoblasts in these samples appear to have markedly low Cr2O3 compared to border
zone porphyroclastic grains. Also shown in the plots in Figure 7 are the results of simple partial
melting models showing the trends in olivine chemistry produced during increasing percentages
of batch melt removal. The starting composition was the average porphyroclastic composition,
and the measured values do not lie on these curved trends. The results of this model are
discussed further in the discussion section.
Trace element variation patterns of clinopyroxene grains from each peridotite facies are
shown in Fig 8. A variable Nb anomaly is observed in all samples, as is a slight depletion in Zr
and Ti, compared to chondrite (McDonough and Sun, 1995). Highly incompatible elements (e.g.,
U, Th, Pb) were either below detection, or very close to the limit. REE concentrations are
generally flat, and similar to those found in residues of N-type MORB (e.g., Hofmann, 2005).
The secondary and porphyroclastic samples show the most variation in MREE/HREE.
MREE/HREE ranges from 3.32 - 1.25 and 3.29 - 1.03 in these samples, respectively, and all
other samples range from 1.41-0.89. Neoblastic grains (not shown) display the same patterns as
porphyroclastic grains. Clinopyroxene from secondary peridotites demonstrate a wider range in
Th/La than the other peridotites (Fig. 8). Neoblasts range from -0.01 - 0.07, while the remainder
of the suite ranges from -0.0 - 0.3. A similar trend is observed in the porphyroclastic grains from
the secondary samples, although the trend is not as pronounced (Th/La ='-0.1 - 0.5).
Thermobarometry
Two-pyroxene equilibration temperatures calculated using the Putirka (2008)
recalibration of the Brey and Kohler (1990) thermometer are listed in Table 2. Of existing two-
pyroxene thermometers, the Brey and Kohler (1990) thermometer is the most precise (Putirka,
2008), and the new regression of experimental data increases precision by -12*C. Temperatures
range from 788 - 10070C for peridotites, and fall within the range of calculated temperatures of
Beni Bousera spinel lherzolites and pyroxenites when a variety of equilibrium thermometers are
used (e.g. Table 10 in Gysi et al., 2011). Calculated pressures using Putirka (2008)'s
recalibration of the Mercier (1984) Ca in pyroxene barometer range from -10-19 kbar, which are
also in-line with results obtained by Gysi et al. (2011).
We also utilized an expression for determining the equilibrium distribution of rare earth
elements between clinopyroxene and orthopyroxene (Witt-Eickschen and O'Neill, 2005) to
calculate an equilibration temperature for the pyroxene pairs. Temperatures were calculated
using dysprosium concentrations, and the results suggest that neoblasitc grains typically
equilibrated at a lower temperature than the porphyroclastic grains (Figure 10), and that these
temperatures are generally higher than those observed using the Putirka (2008) two pyroxene
thermometer. Porphyroclastic temperatures range from 903 - 1159C, and although a few higher
temperatures are observed (e.g., 1305*C for BB0841), we attribute these high values to relict
trace element disequilibrium. Neoblastic grains range from 693 - 972'C, and are generally
within error of temperatures of porphyroclastic rim temperatures obtained using Putirka (2008).
Figure 10 shows the cross section from Stanley et al., (2009), with calculated temperatures, and
suggests no significant zonation with respect to temperature distribution across the massif.
Discussion
Comparison of Peridotite Facies
Textures and geochemical characteristics of the secondary peridotites and dunites imply
that they are different from the remainder of the suite. Most notably, the opx-cpx-spinel networks
that form the 'honeycomb' texture in the secondary peridotites (e.g., Stanley, 2009), as well as
refractory mineral chemistry (high Cr/Al in pyroxenes and spinel, low Ti in pyroxene, and
elevated olivine Mg#; Figs. 4 & 6) of dunitic and secondary samples, imply their derivation by
different petrologic processes than the other peridotites. The primary and secondary peridotites
show little evidence of deformation, as opposed to the porphyroclastic and border zone peridotites,
which show strong a foliation. Geochemical data, however. suggest that the primary,
porphyroclastic, border and deformed peridotites are all related to each other, aside from the
varying degrees of deformation.
The strongly deformed border zone peridotites are only found in the vicinity of the
sheared crustal contact, implying their deviation by deformation of pre-existing peridotite.
Similarly, the porphyroclastic peridotites and 'deformed' peridotites are variably deformed,
commonly showing compositional banding with dunitic pods and layers that are concordant to the
peridotite foliation. The deformation-related textures of these groups, and how they are related to
the deformation history of Beni Bousera and other Mediterranean massifs (e.g., Precigout et al.,
2007) is an area of ongoing research in regional tectonics. The secondary and dunitic samples are
commonly found associated with the heterogeneous zones (Figs I & 2), which were identified as
regions of porous melt flow by Gysi et al. (2011). The secondary peridotites in these zones
commonly show similar textural and geochemical characteristics to Cr-diopside websterites that
formed as products of melt/rock reactions, and show little evidence of deformation or a foliation.
Trace element analyses of Beni Bousera whole rocks and minerals confirm that the
peridotites are indeed distinguishable by group (Figure 5), based on field location, as was
hypothesized by Stanley (2009). We find that unique variations in HREE and a comparatively
large Ti depletion in the secondary samples, combined with the evidence of honeycomb texture
and their location in the heterogeneous zones suggests that they formed by a different process
than the remainder of the massif. Refractory mineral chemistry (high Cr 2O3, low TiO 2, A120 3 and
Na 2 O) in the pyroxenes found in the dunite samples, combined with the "u-shaped" whole rock
REE pattern and LREE enrichment, suggests that the dunites may have formed by pyroxene-
dissolution (e.g., Kelemen et al., 1998) reactions. This conclusion is confirmed by field-based
observations of small-scale dunitic pods that are likely too small to have formed by the degree of
partial melting that would be required.
In the following section, we attempt to qualify the argument that the peridotite massif is
heterogeneous by referring to the results of major and trace element partial melting models that
demonstrate the importance of melt extraction in producing the observed heterogeneity. We also
suggest possible alternative scenarios for the introduction of heterogeneous peridotite facies into
the massif, involving infiltrating melt that may have imparted key variations observed in
geochemical patterns.
Melt Extraction versus Infiltration
Previous studies have used major elements to document the extraction of basaltic melt
from western Mediterranean massifs (e.g., Suen and Frey, 1987; Frey et al., 1985; Downes, 1990).
Recently, more complex models have been invoked to explain compositional heterogeneity in
orogenic peridotites (e.g., Vernieres et al., 1997) due to the observation that geochemical and
textural trends may not be able to be produced by partial melting alone (Kelemen, 1990; Kelemen
et al., 1995). Here, we rely on simple partial melting models using major and trace elements to
begin to assess the extent to which the Beni Bousera peridotites are residues of partial melting.
Major element oxide compositions of residues produced by partial melting lie on a linear
array with the starting composition, the slopes of which are controlled by the pressure-dependent
melting reaction (e.g., Walter, 2005). Figure 11 shows Beni Bousera whole rocks plotted on a
Pearce-type plot with the compositions of calculated residual compositions at varying pressure
and percent melt extracted. A description of the model and the chosen parameters can be found
in the Appendix. The average primary peridotite composition was selected as the starting
composition because these samples are relatively fertile (-3.17 wt. % A12 0 3, 2.86 wt. % CaO).
The composition of the peridotites are best reproduced by a residue composition modeled with a
melting reaction at -1.3 GPa and -0-15% partial melting. These results are in accordance with
equilibration pressure estimates for the massif (-1.3 GPa; Gysi et al., 2011). A range in percent
melting (F) is observed, which may be typical of Mediterranean massifs, although Frey et al.,
(1985) argued for up to 30% melting at Ronda.
These results are also in-line with a simple non-modal batch-melting model presented in
Figure 5b. REE patterns of representative Beni Bousera peridotites are plotted along with
melting trends produced by melting fertile primary lherzolite BB0830 from 0-10%. The shaded
box shows the range in compositions that are produced over this melting interval, and the dashed
lines are 3% and 5% melting, respectively. Of particular note, the HREE patterns of all samples
are well reproduced by this spinel melting model, while the LREE patterns of the peridotites are
consistently higher than the model predicts. We see no evidence of extensive melting (e.g., the
30% of Frey et al., (1985)), and when both models are considered together, we suggest that
relatively low degrees of melting occurred (-0-13%) at -1.3-1.5 GPa. The melting model is
unable to explain enriched LREE patterns, which may have formed as a result of recharge by
REE-enriched melt (Fig. 5).
This process may be a prime example of a disequilibrium reaction, preferentially
enriching incompatible elements in the peridotites (Agranier and Lee, 2007). The enrichment is
not as extensive as is observed in other peridotite suites (e.g., 30-60x chondrite of Soustelle et al.,
2009), and it may be that small batches of melt from the spinel stability field are responsible for
producing these REE patterns. HREE are slightly enriched in addition to LREE/MREE, so we
postulate that garnet was not present in the melting assemblage. Relatively low-degree melts (-1-
13%) likely migrated upward and infiltrated overlying regions, generating textures and
geochemical signatures found in the heterogeneous zones and associated secondary peridotites.
Takazawa et al., (1992) observed a similar enrichment in LREE in the Horoman peridotites, and
attributed the patterns to the formation of a 'chromatographic front' that preferentially enriched
LREE compared to HREE. They estimated that -25% melting of a plagioclase lherzolite could
produced the observed infiltration trends at Horoman, and while we suggest that the infiltration at
Beni Bousera took place as a result of lower degrees of melting, a similar process likely occurred.
Variation in HFSE in the Beni Bousera peridotites may also be related to equilibration with melts
of varying composition, or phases that preferentially incorporate HFSE (e.g., Kelemen et al.,
1993), which were not directly observed in thin section.
Linear major element patterns and similar REE patterns have also been well documented
at other Mediterranean peridotite massifs (Bodinier et al., 1991; Suen and Frey 1987; Frey et al.,
1985), but may not be sufficient to explain all peridotite compositions (e.g., Bodinier et al., 1991).
The dunite samples, for example, plot outside the major element melting array (Fig. 11), and
would require a significantly higher degree of melting than any of the melting reactions shown.
They trend towards higher MgO and FeO, and lower CaO, likely due to higher modal olivine and
lower modal clinopyroxene than the rest of the suite, which may in part be due to olivine
precipitation by reaction of pyroxenes with silica-undersaturated melt (e.g., Kelemen et al., 1992).
This geochemical signature, as well as the observation that dunites are found in small (1-10's cm)
pods and layers associated with the heterogeneous zones, precludes their formation by partial
melting. In addition, a number of olivine grains do not appear to follow a simple partial melting
trend (Figure 6; Table 4; Appendix 2), when an averaged porphyroclastic composition is chosen
as the starting composition. Olivine from the porphyroclastic samples have the highest Ti and
lowest Ni concentrations, and are therefore assumed to be among the most fertile samples
preserved. At this time we are unable to explain the apparently large Ni variation in olivine found
in the primary samples (Fig. 6), but this may be the result of several generations of interaction
with melts of various composition.
Trace element compositions of peridotites and xenoliths have suggested that melt
extraction may occur in tandem with an enrichment process, by migrating fluids (e.g., Takazawa
et al., 1992; Hawkesworth et al., 1993), melts of subduction zone origin (e.g., Downes et al.,
1990), or carbonate-rich fluids (e.g., Blusztajn and Shimizu, 1994; Grdgoire et al., 2000). These
processes are expected to leave a variety of geochemical signatures, ranging from an
incompatible element-enriched signature to a relatively depleted signature, depending on the
chemical nature of the infiltrated melt (Hawkesworth et al., 1990). Elevated Th/La in neoblastic
grains of secondary samples (Fig. 9) may preserve an "asthenospherized" signature, leading to
observed variations in incompatible element ratios, as a result of interaction with melts of
variable incompatible element concentration. This geochemical signature, combined with the
morphology of neoblastic grains may be evidence that these grains are indeed secondary and were
precipitated via reaction between olivine and silica saturated melt (e.g., Kelemen et al., 1992
among others).
If melt extraction is efficient, as has been suggested by the lack of preserved trapped melt
in some ultramafic massifs (e.g., Josephine dunites; Sundberg et al., 2010), "secondary" mineral
textures may be the only signature of melt migration that remains. On the contrary, impregnation
textures found at Lanzo (e.g., Bodinier et al., 1991) are evidence that trapped melt may crystallize
interstitially. We may therefore expect to find a range of geochemical fingerprints of melt
infiltration, ranging from LREE-enrichment to equilibration with relatively depleted melt,
depending on the nature of the melt and how efficiently it is removed. It is also possible that
geochemical records of infiltration are overprinted, and the 'secondary' texture of pyroxene
precipitation is all that remains. The high proportion of angular, cuspate pyroxenes found in the
secondary samples is our best evidence that secondary precipitation of pyroxene grains took place.
While the results of preliminary whole rock trace element analyses (Table 5; Figure 5)
indicate that partial melting may be responsible for producing at least some of the compositional
diversity observed at Beni Bousera, it is clear that the REE pattern of the dunitic sample could not
have been produced by partial melting alone. This sample shows a pronounced "U-shaped"
pattern, with LREE and HREE showing higher concentrations than MREE, and s europium
anomaly, suggesting that it equilibrated with an LREE-enriched melt (compared to MREE) that
had crystallized plagioclase. This interpretation requires that the melt migrated through this
sample at depths shallower than the spinel stability field, and may therefore have occurred
immediately prior, or during emplacement into the crust. We are restricted from drawing drastic
conclusions from this one dunite sample, but it is apparently very different from the remainder of
the massif. We consider the field relationships to be the most striking: it is not possible that
>20% partial melting, as would be required, produced such small lenses, pods, and layers of
dunite that are found associated with the heterogeneous zones, while coexisting with relatively
fertile peridotites. We therefore conclude that the dunite samples experienced at least one
generation of pyroxene-dissolution, leaving olivine as the residue.
In other Mediterranean massifs, similar findings have been demonstrated. Soustelle et al.,
(2009) documented a group of peridotites that have clinopyroxene with LREE -30-60 times that
of chondrite at Ronda, which may suggest that this "enriched" group reacted with an
incompatible element-rich fluid, producing new generations of interstitial pyroxene, that occurred
concomitantly with olivine dissolution. A reaction of this type would be expected to occur as a
result of the dissolution of pyroxenes from infiltrated peridotites leading to eventual silica
enrichment in the migrating melt, and precipitation of new grains along matrix olivine grain
boundaries "downstream" from the reaction site. Evidence of peridotite refertilization via
melt/rock reaction is also found at Lanzo (e.g., Bodinier et al., 1991). Such reactions may have
produced thick (-10 cm) orthopyroxenite dikes observed in the heterogeneous zones (Fig 2 e & f;
Kelemen et al., 1992) at Beni Bousera, and evidence of pyroxene precipitation from olivine
dissolution is also observed in ultramafic xenolith suits spanning the globe (e.g., Kelemen et al.,
1998).
Comparison to the Ronda Peridotites and the Structure of Porous Flow
Channels
A geochemical and structural comparison of the Beni Bousera peridotites with the Ronda
peridotites seems appropriate, considering the breadth of research that suggests that the
geodynamic evolution of both massifs is linked in space (e.g. Aza56n and Crespo-Blanc, 2000;
Platt et al., 2005), and time (e.g., Monie et al., 1994; Argles, 1999; Platt et al., 2003; Esteban et
al., 2004). Both massifs are slices of formerly sub-continental lithospheric mantle (Bodinier and
Godard, 2005) and contain graphic pseudomorphs after diamond, which are indicative of high-
pressure equilibration (-4.5 GPa or greater; Slodkevitch et al., 1992; Pearson et al., 1993). They
also show distinct geochemical and structural differences, however. The most striking difference
being the km-scale melt percolation front at Ronda that is not found at Beni Bousera. This
marked boundary is considered to delineate the remnant lithospheric mantle (spinel tectonites)
from the underlying 'asthenospherized' granular peridotites (Van der Wal and Vissers, 1994),
although the most current thinking of the nature of the percolation front is that it may have
formed via deformation (0. Jagoutz, pers. comm.).
The melt percolation zones at Beni Bousera are not laterally continuous such as the main
front observed at Ronda. Instead, they outcrop in several distinct zones scattered throughout the
massif (Fig. 1). The peridotites and pyroxenites in these zones are clearly different from the
remainder of the massif, which may have simply experienced partial melting during its petrogenic
evolution. Considering the differences in the structures of the melt-transport domains at Ronda
and Beni Bousera, Figure 12, based on the work of Hart (1993), suggests possible morphologies
of the melt transport domains. Based on the observation that some high pressure melts do not
equilibrate on the way to the surface, he postulated that melt is "shielded" from equilibration
during transportation in a fractal-like network of channels, comprised of large "trunks" and
smaller anastomosing pathways resembling tree branches. Due to the differences in geometries
of the melt percolation zones at Beni Bousera and Ronda, we speculate that these two samples of
the mantle may be different portions of a fractal-like melt network.
Conclusions
Orogenic peridotite massifs, such as those exposed in the Betic-Rif portion of the Alpine
orogenic belt, are of specific interest to mantle geochemists because they offer fresh samples of
fertile lherzolite (e.g., R717 of Frey et al., 1985), that are available to be samples on a scale much
larger than other samples of the mantle (e.g., xenoliths). In this study, Beni Bousera peridotites
are classified as several sub-facies of spinel lherzolite based on field observations of mineral
textures and fabrics. These observations have been integrated with whole rock and mineral
chemistry data in order to assess the roles of partial melting and melt infiltration in producing a
range of ultramafic lithologies that spans from fertile lherzolite to residual dunite. Although
dominantly linear trends in the CaO-MgO-A 20 3-SiO 2 system are observed, deviations from
linear trends in samples associated with the heterogeneous zones, as well as variations in trace
elements in olivine are unable to be reconciled solely by melt extraction processes alone.
Geochemical models used to describe the observed compositional heterogeneity at Beni
Bousera must incorporate field-based textural evidence that suggests the secondary peridotites
experienced growth of pyroxene along matrix olivine grain boundaries. Pyroxenes from these
samples have markedly higher Cr20 3, and lower A120 3, TiO 2, and Na20 than the remainder of the
massif, with the exception of the dunitic samples. Pyroxenes with these geochemical
characteristics are interpreted to have crystallized from a melt that was derived from a relatively
depleted source, as has been documented in other mantle massifs (e.g., Rampone et al., 1997; Le
Roux et al., 2007). These trends are also similar to those observed in Cr-diopside websterites that
have been interpreted as late-stage products of melt/rock reaction (Gysi et al., 2011) at Beni
Bousera, which show diffuse contacts with secondary peridotites. The association of these
peridotites and pyroxenites with the heterogeneous zones (Stanley, 2009; Gysi et al., 2011)
implies a linkage of these zones to melt infiltration processes.
The results of two simple partial melting models, based on major and trace elements,
suggest that the compositional heterogeneity observed at Beni Bousera may be at least partially
explained by relatively low degrees of partial melting (-0-13%) of a fertile lherzolite source.
Limited work on refractory samples (e.g., dunite BB0808) suggests however that melt extraction
cannot be the only process that produced a range of peridotite compositions, and that melt
infiltration processes may 'leach' pyroxenes from some rocks (i.e., producing olivine-rich
residues), and precipitate pyroxene 'downstream' from the reaction site, thereby producing
secondary pyroxenites such as those found in the heterogeneous zones (e.g., Figure 2; Cr-diopside
websterites, orthopyroxenites). It is these pyroxenes that give the secondary peridotites the
characteristic honeycomb texture.
Porphyroclastic and secondary peridotites also display a wider range in MREE/HREE
than the remainder of the suite, and observed HREE depletion may be a relict of garnet
equilibration. Primary, border zone and heterogeneous zone peridotites do not show these trends,
and likely equilibrated in the spinel stability field, where melting most likely occurred.
Porphyrociastic grain temperatures obtained using dysprosium concentrations in coexisting clino-
and orthopyroxene pairs (following Witt-Eickschen and O'Neil, 2005) are typically -150 0C
hotter than those obtained using the major-element based thermometer of Putirka (2008). There
is no significant zonation in temperature along a profile of the massif. These findings, along with
the preservation of graphite pseudomorphs after diamond in some pyroxenites, suggest that
several distinct P/T conditions are preserved throughout the massif, and that it is impossible to
assign any single mantle provenance to the "origin" of the peridotites. Instead, the peridotites
likely continuously equilibrated according to changing mantle P/T conditions during protracted
exhumation, from at least -4.5 GPa (Pearson et al., 1989). Dominantly linear trends on the
Peace-type diagram (Fig. 11) indicate that partial melting played an important role in the
chemical evolution of these peridotites throughout this time, prior to emplacement in the
continental crust. This is confirmed by linear relationships between fertility indicators (e.g., CaO,
A120 3 and Ti) and MgO, as well as simple models that calculate REE compositions of residual
peridotites (Fig. 5) that suggest that the majority of melting took place at relatively low pressure
(-1.3 - 1.5 GPa).
Although the Ronda and Beni Bousera peridotites are interpreted to be linked in both
space and time (e.g., Azah6n and Crespo-Blanc, 2000; Esteban et al., 2004; Platt et al., 2005), at
least prior to exhumation, the geometries of the melt-infiltration zones vary between the two
massifs. A clear, sharp boundary between asthenospherized lithospheric mantle and remnant
lithospheric mantle at Ronda has been classically referred to as the "melt percolation front" (e.g.,
Van der Wal and Vissers, 1994), while the heterogeneous zones at Beni Bousera are not laterally
continuous, and have only recently been attributed to melt percolation (Stanley et al., 2009; Gysi
et al., 2011). The passage of melt through these zones, and the resultant decrease in bulk-
integrated density of the surrounding mantle, may be the geodynamic process that holds the most
promise in demystifying the complex exhumation history of both massifs (e.g., Jagoutz et al.,
2006).
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Figure 2 - Field photos, plane
polarized light pictures, and
back-scattered electron images
of Beni Bousera peridotites.
Rows show characteristic
features of each facies. Neo =
neoblastic grain, porph =
porphyroclastic grain. Dashed
lines show foliation. Bottom
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- . Pearson et al., 1989 Figure 3 - Major oxide compositions
of Beni Bousera peridotites versus
MgO. Ronda peridotites from Lenior
et al., (2001); Frey et al., (1985); Suen
and Frey, (1987); and Soustelle et. al.,
(2009). (G) and (H) are plots after
Pearce (1968) and show different
peridotite trends when oxides are
nonnalized to a relatively unchanging
component. Dunites and porphyroclas-
tic peridotites appear to be different
from the remainder of the suite, but
more data are required. Solid black
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by solution ICPMS, normalized to chondritic metorite of
MnDonough and Sun (1995).
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1' Figure 5b. Whole rock trace element analyses of Beni Bousera peridotites
by solution ICPMS (continued). Melting model to the left shows representative
peridotite samples plotted along with REE melting trends produced by melting
primary sample BB0830 from 0-10% with a starting mode of 63% olivine,
0.1 -12% cpx, 20% opx, and 5% spinel. Non-modal batch melting equation from
Shaw (2006), partition coefficients from the collection of Gysi et al., (2011) and
Shaw (2006), and stoichiometric p-values from the 15 kbar melting reaction of
Kinzler (1997; see Appendix presented here). HREE variations in all samples are
0.01 -reproduced over this range of melting, but LREE are consistently too enriched.
La Pr Nd Sm Eu Tb Er Tm Yb Lu Dashed lines are 3% and 5% melting, respectively. Trace elements normalized to
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Figure 6- Comparision of spinel lherzolite facies. A1203 and Na20 trends (not shown) are similar to TiO2. Oxide compositions are in wt. %.
Error bars are I -sigma deviations from the mean. Number of samples analyzed for each facies shown in table. For example, eight secondary
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Figure 7. (a) Spinel Cr# {Cr / (Cr+Al)} and (b ,c) olivine Ni and Ti concentrations versus olivine Mg# {Mg / (Mg +
total Fe)}. The olivine-spinel mantle array is from natural compositions (Arai, 1994), and dashed line is from experi-
mental data of Jacques and Green (1980) (F=20%). Solid lines in (b) and (c) are modeled residual olivine compositions
at 15 kbar using partition coefficients from Johnson et al., (1990) and Mysen (1978) and melt phase proportions from
Kinzler (1997). Red dots indicate percent melting. Starting compositions (black stars) are average porphyroclastic
peridotite composition (this study). Olivine Mg# calculated assuming Kd(Fe-Mg) = 0.3. Non-modal batch melting

























































Figure 8 - Trace element compositions of clinopyroxene porphyroclastic grains. Neoblastic grains show similar
patterns for each facies (not shown). Relatively flat REE patterns are observed, except in the secondary and
porphyroclastic samples, which may show evidence of relict garnet equilibration. Compositions normalized to
















Figure 9. Th/La versus chondrite normalized (McDonough and Sun, 1995) titanium composition of clinopyroxene










Undifferentiated (porph and neo)
Dysprosium temperatures
110 r-.o> 0 M M00-- -
-00 - 6 0
-~- 00-) )






Figure 10 . Cross section from A-A' (See Fig. 1) showing average temperatures of porphyroclastic cores, rims and neoblasts. Star symbols denote
temperatures calculed from dysprosium concentration (see text). Solid circles are porphyroclasts that are not differentiated between core and rim. Error
bars are one standard deviation from the mean of several analyses (at least 3 pairs). Colors correspond to the facies on Figure 1; heterogeneous zones
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Figure 11. Pearce-type plot showing relationship between CaO and MgO+FeO. Dunites plot outside the
melting array, with different slope than the melting reactions. This may suggest the dissolution of pyrox-
ene by via a melt/rock reaction with silica-undersaturated melt (Kelemen et al., 1995). The trend of the
porphyroclastic peridotites is also shown to be different, which may be due to the one outlyer. Sources of
melting reactions are Baker and Stolper (1994) (10 kbar), and Kinzler (1997) (15, 23 kbar). Fraction of




Figure 12. Schematic diagram, after Hart (1993), showing the possible orientation and structure of melt transport channels at Ronda and Beni
Bousera. Field observations suggest that the melting front at Ronda is relatively continuous, on the km-scale, while at Beni Bousera, the
heterogeneous zones are discontinuous, scattered through the massif and are on the 10's-m scale.















































































































































































Fe-Ti oxides and serpentinite are found in all samples
Location
N 35.267959 W 4.900931
N 35.255164 W 4.897819
N 35.267959 W 4.900931
N 35.26898 W 4.89985
N 35.26804 W 4.90043
N 35.18217 W 4.54309
Section B, Gysi et al., 2011
N 35.281528 W 4.896795
N 35.277390 W 4.897992
N 35.275497 W 4.899340
N 35.266968 W 4.872898
N 35.284003 W 4.896160
N 35.27396 W 4.86394
N 35.28187 W 4.89626
N 35.299717 W 4.909063
N 35.297622 W 4.909595
N 35.270230 W 4.899735
N 35.271533 W 4.900328
N 35.269317 W 4.899576
N 35.283900 W 4.894903
N 35.27684 W 4.89849
N 35.28113 W 4.89701
N 35.284003 W 4.896160
N 35.28849 W 4.89182
N 35.301194 W 4.912581
N 35.290150 W 4.888859
N 35.265434 W 4.874883
N 35.263392 W 4.899742
N 35.25634 W 4.85522
N 35.283900 W 4.894903
N 35.261542 W 4.899471
N 35.280710 W 4.897807
N 35.252233 W 4.897080
N 35.286425 W 4.894765
N 35.286409 W 4.894769
N 35.281870 W 4.896915
N 35.281870 W 4.896915
N 35.25115 W 4.896309
N 35.253248 W 4.896483
N 35.247391 W 4.881351
N 35.250031 W 4.896541
N 35.293765 W 4.920165
Roble 2a. Averages of Clinopyroxene Electron Microprobe (EMPA) Data from Beni Bousera Ultramafics
Sample Facies T (C) P (Kbar) No. pairs** No. Grains*** SiO2 TiO2 Cr203
(core)(rim)(neo) porph core porph rim neo porph core porph rim neo porph core porph rim neo
BB0847 Porphyroclastic 1006 46 16 2 9 (12)(11)(13) 51.68 ± 0.45 51.90+0.41 51.43 +±0.28 0.55 0.05 0.56± 0.07 067± 0.03 0.81± 0.11 0.73+0.10 0.77± 0.07
BB0841 Porphyroclastic 969*38 14 ±2 7 (6)(9)(5) 51.72± 0.23 51.96± 0.56 52.10±0.36 0.57 0.03 0.66± 0.08 0.65± 0.02 0.52 ±0.04 0.58± 0.05 0.55± 0.04
BB1001 Porphyroclastic (6)(4)(2) 50.64± 017 50.78± 0.28 50.65±0.40 0.56±0.02 0.57±0.02 0.53±0.07 0.59± 0.04 054± 0.03 0.57± 0.04
BB1012 Porphyroclastic 925±38 13.2±1 4 (14)(3X6) 50.87+0.44 50.85 0.87 51.14 0.6 0.52 ±0.02 0.54 ±0.00 0.54+0.04 0.79± 0.03 0.69±0.08 0.66±0.04
BB1013 Porphyroclastic 911 ±38 14.6 ± 2 4 (20)(2)(4) 50.60± 0.65 51.18 0.26 50.49 0.65 0.71± 0.05 0.71± 0.01 073 0.04 0.65± 0.04 0.64 ±0.04 0.57 0.06
LZP2a Secondary 972 38* 10+4* 1 (-)(-)(-) 52.22 0.42 - - 0380.06 - 1.24± 0.06 - -
B43" Secondary (-)(-)(-) 51.88 ±1.39 0.32 0.06 - - 1.01 .12 - -
BB0823 Secondary 947±45 12+3 7 (1)(1)(7) 533 53.59 53.34 0.35 022 0.1759 0.22 0.02 1.54 1.2556 1.66 0.08
BB0810 Secondary 999 85 14+1 3 (2)(4)(4) 52.76+0.07 52.88 ± 0.35 52.46 0.46 0.4 0.03 0.35 ± 0.03 0.40 ± 0.04 1.30 + 0.01 1.17 ±0.13 1,25 0.11
BB0833 Secondary 981±38 15±4* 1 (7X10)(5) 52.28 0.28 52.46 0.33 52.72±0.44 0.34± 0.03 0.34± 0.03 0.31 0.04 1.18+0.04 1.13 0.07 1.10 0.09
BB0809 Secondary (10)(10)(2) 52.56 042 52.79±0.29 5244±0.02 0.29± 0.03 0.26 ±003 0.30 0.00 1.09 0.13 0.95 0.10 1.03 0.04
BB1020 Secondary 829 100 8.3±1.3 7 (19)(5)(-) 50.90 ±0.51 50.52 0.87 0.30+0.03 034 + 004 0.87 0.05 0.80 0.06 -
BB1006 Secondary 803 64 6 ± 1 6 (14)(7X6) 51.76±i 0.36 51.71 0.40 51.96± 0.37 0.42± 0.04 0.46± 0.03 0.40 0.06 1.24 0.08 1.11 0.07 1.00 0.09
BB0829 Primary 944 38* 12 + 4* 1 (7)(9)(10) 51.86 0.59 52.01 0.44 51.40 ± 0.28 0.65± 010 0.65 ± 0.06 0.68 ±005 0.65 0.04 0.61 ±006 0.68 0.06
BB0849b Primary 947 + 38* 12 4* 1 (3)(3)(4) 51.81 0.13 52.15 008 52.25+0.41 0.52 0.05 0.52± 0.04 0.47+0.09 0.66+0.04 0.60 0.04 0.56 0.06
BB0830 Primary (2)(3)(8) 51.53 0.13 51.88±0.22 51.66±0.24 0.73 ±0.01 0.68± 0.03 0.7210.02 0.70 0.00 0.62± 0.07 0.65± 0.08
BB1005 Primary (20)(4)(7) 51.70 0.29 52.13 0.67 52 15± 0.29 0.26+0.02 0.26 ± 0.04 0.20 ±002 1.12 0.05 0.95 ± 0.15 0.95+0.10
BB1011 Primary 830 38 9.4±1 9 (11)(8)(4) 51.47±0.35 51.53 0.24 51.48 0.44 0.39+0.02 0.40± 002 0.4 0.03 0.88+0.03 083 003 0.78 0.03
BBI010 Primary 899 ± 64 10.7 ± 2 4 (13)(5)(1) 50.79 0.21 51.06 0.23 51.27 0.30 ±0.02 0.30 ±0.02 0.307622 0.84 ± 0.04 0.77 0.05 0.783608
BB1007 Primary 923+67 10.3 1 3 (4)(2X2) 49,62 0.80 50.71 0.49 50.69 + 0.21 0.62± 0.06 0.53+0.1 0.58± 0.04 0.49 0.03 0.39 0.05 0.37 ± 0.04
BB1014 Primary 972 89 13 ± 2 9 (12)(-)(1) 50.89 0.33 - 50.57 0.59 0.04 - 0.50 0.75+ 0.04 0.61
BB0845 Dunite (-)(-)(7) - 5351± 0.23 - - 004±0.01 - - 0.81± 0.09
BB0844 Deformed 980 38* 14 1 5 (10X9)(6) 52,05 0.30 52.03 0.34 52.71± 040 0.62 0.03 0.64+0.06 0.56+0.11 0.71 0.03 0.66 0.05 0.55±0.09
BB0813 Deformed 949 ± 38* 13 ±1 9 (IOX10)(10) 51.55 0.20 51.80± 028 51.61 +±0.24 0.37 0.01 - 0.36 + 0.02 079 0.02 - 0.77+0.03
BB0839 Deformed (2)(2)(4) 52.57 0.09 52.57 ± 0.09 52.64 0.23 0.57 0.02 0.57± 0.02 0.49± 0.06 0.67 0.04 0.67 0.04 0.063± 0.07
BB0835 Deformed (4)(4)(10) 52.14±0.20 52.37±0.14 52.18±0.30 0.52 003 053± 0.02 0.52+0.03 0.75 0.01 071 0.03 0.75+0.04
BB0818 H. Zone 935 ±38* 14 ±2 6 (4)(4)(-) 51.21 0.38 51.44 ± 0.35 - 0.51 ± 0.02 0.48 0.02 - 0.79 + 0.09 0.72 ± 0.07 -
BB0819 H. Zone 952 ±54.0 12 ±1 6 (7)(12X6) 51.70 0.32 51.65± 0.24 52.19 0.28 0.6 0.02 0.61 ± 0.04 0.51± 0.07 0.77 ± 0.03 0.77± 0.04 0.66± 0.06
BB1002 Border 816 ±38* 11.10 ±2 1 (10)(5)(6) 51.43 0.24 51.44 ± 0.59 51.66 0.37 0.39 0.03 0.46 ± 0.04 0.46± 0.05 0.71 ± 0.03 0.72 ± 0.04 0.59± 0.09
BB0840 Border 995 ± 43 17 ±1 3 (6)(11)(6) 52.16± 0.41 5233 ±027 52.25 0.20 0.59± 007 0.59 ± 0.06 0.68±+ 0.04 0.68 0.03 0.63 ± 0.05 0.57 ±004
BB1022 Border (3)(3)(23) 52,53± 0.52 52.41 ± 0.87 52.94 0.26 0.49+ 0.02 049± 0.04 0.47+0.04 1.08± 0.03 1.00± 0.05 1.00 ± 0.07
BB1017 Border 952±38 16 ±1 5 (4)(5)(8) 52.36± 0.27 52.62± 0.26 53.12±0.15 0.75± 0.05 0.73±0.03 0.62± 0.07 0.89± 0.04 0.96+0.03 0.92± 0.14
Oxide analyses in wt. % Nr = number of coexisting mineral pairs analyzed
Error is 1-sigma variation from mean * indicates approximate error associated to the geothermometer and barometer when number of mineral pairs 3.
Mg # - cationic {Mg (Mg Fe)}*100 **number of coexisting pairs used in T calculation
Cr 4 = cationic {Cr (Cr t Al)) *100 ***number of grains in geochemical analysis
Element ratios (e.g., Al Ca) are cationic
Oxide totals of all analyses are 100 1.5
porph = porphyroclast
H. Zone = heterogeneous zone
" no core rim neo relationships
Table 2a. Averages of Clinopyroxene Electron Microprobe (EAIPA) Data from Bent Bousera Ultramafics (cont.)
Sample Facies A1203 Fe203 FeO MnO MgO
porph core porph rim neo porph core porph rim neo porph core porph rim neo porph core porph rim neo porph core porph rim neo
BB0847 Porphyroclasti< 7.26 ± 0.54 7.04 ± 0.53 6.93 ± 0.26 1.8 0.83 1.81 ± 0.63 1.84±0.58 1.37±0.70 1.33 ± 0.37 1.28 ± 0.49 0.02 ± 0.03 0.01 ± 0.04 0.09 ± 0.01 14.39 ± 0.38 14.40 ± 0.38 14.60 ± 0.30
BB0841 Porphyroclasi 6.06± 0.06 7.07+0.26 6.96± 0.14 1.21±0.33 0.82±0.67 1.12+0.47 2.20± 0.30 276± 0.67 2.28± 0.46 008± 0.01 0.08±0.01 0.07±0.01 13.95±0.18 14.15±0.25 14.20± 0.18
BB1001 Porphyroclasti 7.77 ±0.08 7.55 ± 0.22 7.34 ± 0.48 2.84+0.63 3.15± 0.16 2.80 0.68 0.33 ±0.61 0.02± 0.04 0.24± 0.34 0.09 0.01 0.09 ±0.01 0.08 ± 0.00 14.5 ±031 14.33 + 0.61 14.47± 0.33
BB1012 Porphyroclasti 7.86± 014 7.61± 0.71 6.99 ±0.33 3.20±0.17 2.93 0.43 6.99 0.33 0.05± 0.12 0.00± 0.00 0.04± 0.10 010± 0.01 0.09± 0.01 0.09±0.02 14.19± 0.37 13.89 0.25 14.66±0.24
BB1013 Porphyroclasti 862±0.26 8.18 ±0.20 7.90±0.21 3.42± 0.39 3.18 0.25 3.47 0.04 0.15 ±0.25 0.25±0.25 0.00±0.00 0.10 ±0.02 0.13± 0.02 0.09± 0.01 13.94 ±0.59 13.72 0.13 14.12± 0.30
LZP2' Secondary 6.08 0.26 - - .430.31 - - 1.93± 0.28 - - 0.09 ±002 - - 14.46 ±0.08 - -
B43' Secondary 5.19 ± 0.30 - - 0.56 0.48 1.71 ± 0.39 - - 0.08+0.02 - - 15.12+0.21 -
BB0823 Secondary 4.22 3.41 4.23 ± 0.07 1.2 1 25 1.25 0.37 1 3 1.34 1.32 ± 0.32 0.02 0.01 0.01 ± 0.01 15.48 15.61 15.50 ± 0.32
BB0810 Secondary 6.02± 0.16 5.71± 0.48 5.95 0.2 1.45 ± 0.08 1.73 0.36 1.74 0.78 1.18 ±0.15 0.94 ± 0.35 0.89 ± 0.75 0.01 ± 0.01 0.01± 0.01 0.01 ± 0.01 15.44 ± 0.21 15.51± 0.48 15.61± 0.30
BB0833 Secondary 6.13± 0.19 5.97± 0.23 5.68 0.71 0.26 + 028 0.29 0.31 0.10 0.20 2.29± 0.14 2.24 ± 0.29 2.44 ± 0.23 0.07± 0.01 0.07± 0.01 0.07 ± 000 14.48+0.15 14.67 ± 0.24 14.77± 0.40
BB0809 Secondary 4.44± 0.33 4.10±0.29 4.38 0.11 1.24 ±0.39 1.46 0.36 - 1.34±0.48 1.09±0.41 2.40± 0.04 0.01±0.01 0.01±0.01 0.07 ±001 16.43 075 16.62 0.39 16.18±0.15
BB1020 Secondary 7.00± 0.22 6.95±0.18 6.99 0.21 2.68± 0.27 2.45 0.30 - 0.03± 0.09 0.13± 0.18 - 009± 0.02 0.07± 0.03 - 15.04± 0.64 15.53± 1.13 -
BB1006 Secondary 4.44 ±013 4.26± 0.24 3.95 0.18 2.33±0.08 231±0.07 2.40 0.10 0.00± 0.00 00 0.00 0.00± 0.00 0.07± 0.01 0.08± 0.01 0.07 ±001 15.71±0.44 15.73±0.21 15.95 ±0.28
BB0829 Primary 7.20 0.38 7.17± 0.33 7.49 0.28 0.61±0.38 0.97+0.32 0.62 0.38 2.29± 0.23 2.15±0.34 2.26± 0.43 0.07± 0.02 0.07± 0.01 0.07± 002 13.92+0.26 14.16± 0.33 13.75 ±0.40
BB0849b Primary 7.06±0.21 6.33± 0.35 6.32 0.65 1.48 ±0.51 1.20±0.55 1.01+0.35 1.49± 041 1.68± 038 1.95± 0.28 0.01± 0.01 0.01 ±0.00 0.00± 000 14.59± 0.19 14.85± 0.46 14.92± 0.29
BB0830 Primary 7.08± 0.06 6.43± 0.45 6.75i0.41 0.99±0.02 1.00± 0.27 1.17± 0.52 1.77 ±0.02 1.60±0.23 1.62± 0.48 0.09 0.0 0.10± 0.01 0.09± 001 15.06± 0.09 15.18± 0.47 15.29±0.43
BB1005 Primary 4.63± 0.14 3.86 ± 0.54 4.26+0.23 2.45 ± 0.09 2.23± 0.08 2.37± 0.12 0.00 ± 0.00 0.00 ± 0.00 0.00000 008 0.02 0.09 ± 0.01 0.08± 0 01 15.85± 0.34 16.24 ±0.18 1618± 0.19
BB1011 Primary 6.12 ± 0.14 6.17 0.26 6.20± 0.16 2.60± 0.14 2.70 + 005 2.52 0.14 0.00± 0.00 0 0.00 0.00 ± 0.00 0.08 0.01 0.08 ± 0.02 0.08+0.01 15.03 + 017 14.94+0.31 14.99 ± 0.23
BB1010 Primary 6.76 ±0.08 6.47± 0.29 6.5464 3.03± 0.15 2.94 ±0.19 3.03 0.00±0.00 0.00± 0.00 0 0.09 ±0.01 0.08 ±0.01 0.07 15.10±0.57 15.47± 1.09 15.06
BB1007 Primary 7.74 ± 0.42 6.76 ±0.94 6.88 ± 0.09 3.59± 0.17 3.09 ± 0.10 3.42 ± 0.40 0.00± 0.00 0.00± 0.00 0.00 ± 0.00 0.11 ± 0.01 0.10 ± 0.01 0.10 ± 002 14.87± 0.43 14.31 ± 0.29 15.34 ± 0.76
BB1014 Primary 7.96+0.12 - 6.75 2.97+0.48 3.45 0.31 V 0.48 - 0 0.11 0.02 - 0.12 14.73 ±0.75 - 15.25
BB0845 Dunite - - 2.00 0.23 1.66+0.43 - - 070 ± 0.41 - 0.07+0.01 - - 17.56 0.31
BB0844 Deformed 7.6 0.12 7.07t0.51 6.56± 0.68 0.32 ±0.28 0.84± 0.80 0.48± 0.27 2.62 ±0.21 2.04± 0.74 2.50± 0.28 0.07 0.01 0.07 0.01 0.06± 001 13.96 ±0.35 13.99 ±0.39 14.55±0.47
BB0813 Deformed 6.73 0.10 - 6.45 0.24 2.26± 051 1.99±0.66 2.09+0.61 0.93± 0.38 1.01 ±0.57 1.05±0.51 0.01+0.01 0.01+0.01 0.00±0 00 15.16± 0.92 14.99 ±018 14.87± 0.39
BB0839 Deformed 7.13 0.18 7.13± 0.18 6.85 0.42 0.59± 0.02 0.59 + 0.02 144± 0.05 2.08± 0.10 2.08± 0.10 1.38+0.16 0.00±0.00 + 00 0.00± 0 00 14.34 0.14 14.34± 0.14 14.69± 0.08
BB0835 Deformed 7.75 0.15 7.41 0.09 7.64 0.29 0.00± 0.00 0.0±0.04 0.00 ±0.00 1.62 0.10 1.52 ±0.09 1.61 0.13 0.01± 0.00 000±0.00 0.01±001 14.53±0.55 14.25± 0.19 14.50±0.83
BB0818 H. Zone 7.68 ±0.30 7.22±0.40 - 2.12± 0.15 1.54± 0.42 - 0.92± 0.06 1.40± 0.33 - 0.00 ±0.00 0.01±0.00 - 14.23± 0.37 14.41± 0.45 -
BB0819 H. Zone 752± 0.14 7.50+0.29 6.82 0.53 1.00± 0.71 133 + 0.31 1.10 0.45 2.19 0.77 1.86+0.32 2.31 0.38 0.06 ± 0.01 0.07± 0.02 0.05 0 01 1373± 0.39 13.76± 0.49 14.52 0.50
BB1002 Border 7.53 0.23 7.16 ± 0.43 6.29 0.32 2.72± 0.14 2.67+0.14 2.72 0.10 0.00 0.00 0.00+0.00 0.00+0.00 0.08 + 0.01 0.07 ± 001 0.08 0 01 14.45± 0.31 14.57 ±0.61 14.80 0.33
BB0840 Border 7.33 0.49 7.19 ±0.35 6.91 0.24 1.21± 0.83 0.85 ±0.66 0.72 0.75 2.10 0.85 2.55 ±0.61 2.65± 0.69 0.07 0.01 0.07 0.02 0.08 0.01 13.90± 0.41 14.03 ±0.43 14.31 0.11
BB1022 Border 6.43 0.68 6.36 ±0.58 6.03 023 1.60 ± 0.70 1.62± 0.84 1.06 0.51 0.979 0.64 0.99± 0.76 1.54± 0.51 0.08 0.01 0.07 0.01 0.07 0.02 14.65± 0.49 14.59 ± 0.49 14.82 0.30
BB1017 Border 7.27 032 6.72+0.39 5.86 0.22 132 + 073 1.31 0.33 1.24 0.41 1.75 +082 1.53 + 033 1.60 0.43 0.09 0.02 0.08 0.01 0.09 0.01 14.20 + 0.78 1432 + 029 15.11+0.21
Oxide analyses in wt.% Nr. = nmber of coexisting mineral pairs analyzed
Error is I-sigma variation from mean
Mg g cationic {Mg (Mg+Fe)) *100
Cr r cationic {Cr (CrAl)j *100
Element ratios (e.g., Al Ca) are cationic
Oxide totals of all analyses are 100 * 1.5
*indicates approximate error associated to the geothermometer and barometer w hen number of mineral pairs -3.
**number of coexisting pairs used in T calculation
***number of grains in geochemical analysis
porph = porphyroclast
H. Zone = heterogeneous zone
i i no core rim neo relationships
Table 2a. Averages of Clinopyroxene Electron Microprobe (EMPA) Data fom Beni Bousera Ultramafics (cont)
Sample Facies CaO Na20 K20 Total
porph core porph rim neo porph core porph rim neo porph core porph rim neo porph core porph rim neo
BB0847 Porphyroclasti< 20.06 ±0.59 20.25 ±0.44 20.14 ±0.30 2.08 ±0.16 2.07 ±0.15 1.91±0.06 0.00±0.00 0.00 ±0.00 0.00 ±0.00 100.02 0.46 100.10 ±0.31 100.15 ±0.33
BB0841 Porphyroclastic 19.81 0.32 19.52 ±0.47 20.19 ±0.31 1.83 ±0.06 2.08 ±0.07 2.02 ±0.08 0.00 ±0.00 0.00±0.00 0.00 ±0.00 99.46 0.31 99.50±0.79 100.15 ±0.54
BB1001 Porphyroclasti< 20.62 ±0.42 21.02 ±0.56 20.93±0.60 1.9 0.09 1.84 ±0.02 1.8±0.32 0.01 ±0.00 0.01 ±0.00 0.00 ±0.00 99.85±0.53 100.09 ±0.85 100.07 ±0.65
BB1012 Porphyroclasti< 20.78 ± 0.50 21.64 ± 0.59 21.13 ± 0.54 2.19 + 0.09 2.23 ± 0.07 2.05 + 0.07 0.00 ± 0.00 0.00 0.00 0.00 ± 0.00 100.56 0.52 100.48 ± 0.22 100.47 ± 0.40
BB1013 Porphyroclasti< 19.84 ±0.61 20.34 ±0.07 20.02 ±0.64 2.38+0.12 2.37±0.13 2.46 0.12 0.00±0.00 0.01 0.00 0.00 ±0.00 100.41 0.65 100.68 ±0.59 100.46 ±0.60
LZP2a Secondary 20.51 ±0.28 - - 1.87 0.12 - - 0.00 ±0.00 - - 99.29 0.317 - -
B43a Secondary 20.26 ± 1.38 - - 1.58 0.07 - - 0.02 ±0.05 - - 99.73 0.30 - -
BB0823 Secondary 20.61 20.89 20.56 ±0.11 1.81 1.58 1.87 0.09 0.00 0.00 0.00 ±0.00 99.89 100.22 99.96 ±0.42
BB0810 Secondary 20.68 ±0.01 20.95 ±0.22 20.80±0.81 1.78±0.11 1.77±0.16 1.69 0.09 0.00 ±0.00 0.01 ±0.00 0.01 ±0.01 101.3 ±0.06 101.01 ±0.13 100.8 ±0.33
BB0833 Secondary 21.21 ±0.22 21.32 ±0.31 21.39 ±0.33 1.59 ± 0.03 1.55 ± 0.05 1.47 0.09 0.00 ± 0.00 0.01 ±0.01 0.00 ±0.00 99.84 ±0.37 100.05 ±0.45 100.06 0.44
BB0809 Secondary 21.79 ±0.79 22.04 ±0.55 21.92 ±0.07 0.98 ±0.07 0.95 ±0.05 0.97±0.02 0.00 ±0.00 0.00 ±0.00 0.002 0.00 100.17 ±0.22 100.27 ±0.19 99.70±0.04
BB1020 Secondary 21.94 ±0.76 21.55 ±0.68 - 1.56 ±0.09 1.62±0.15 - 0.00 ±0.01 0.01 ±0.00 - 100.40±0.51 99.98 0.36 -
BB1006 Secondary 23.19 ±0.32 23.38 ±0.49 23.28 ±0.40 1.26 ±0.06 1.16 ±0.09 1.17±0.11 0.00 ±0.00 0.01 ±0.01 0.00 0.00 100.42 ±0.50 100.22 0.59 100.27 0.51
BB0829 Primary 20.59 ±0.52 20.48 ±0.25 20.29 ±0.60 1.94 ±0.17 1.96 ±0.13 1.99 0.11 0.00 ± 0.01 0.00 ±0.00 0.01 0.01 99.81 ±0.67 100.23 0.59 99.24 0.34
BB0849b Primary 20.19 ±0.19 20.46 ±0.42 20.13 ±0.40 1.95 ±0.04 1.82 ±0.02 1.85± 0.11 0.01 ±0.00 0.01 ±0.00 0.01 0.01 99.76 ±0.23 99.62 0.22 99.48 0.20
BB0830 Primary 20.03±0.11 20.60 ±0.09 20.20 ±0.66 1.71 ±0.02 1.62 0.1 1.64± 0.06 0.00 ±0.00 0.00 ±0.00 0.00 0.00 99.69±0.19 99.70±0.19 99.80 0.25
BB1005 Primary 23.25 ±0.45 23.73 ±0.59 23.54 ±0.21 1.07 0.06 0.92±0.09 0.99 0.04 0.00 ±0.01 0.01 ±0.00 0.00 0.00 100.42 ±0.33 100.52±0.59 100.80 0.10
BB1011 Primary 22.14 ±0.17 22.26 ±0.31 22.48 ±0.16 1.69 ±0.06 1.65 0.08 1.71 0.02 0.00 ±0.00 0.00 ±0.00 0.00 0.00 100.44 ± 0.29 100.55 0.29 100.51 0.36
BB1010 Primary 21.36 ±0.67 21.79 ±0.65 21.88 1.69±0.08 1.66 0.08 1.7052 0.01±0.01 0.00±0.00 0.00 99.97 0.29 100.55 0.28 100.16
BB1007 Primary 21.36 ±0.59 22.51 ± 0.31 21.96 ± 0.99 1.79 ±0.09 1.72 0.28 1.61 ±0.01 0.02 ±0.01 0.00 ± 0.00 0.01 ± 0.00 100.21 ±0.05 100.12 0.36 100.95 ±0.31
BB1014 Primary 20.61 ± 0.95 - 20.85 1.92 ± 0.13 - 1.80 0.00 ±0.00 - 0.00 100.83 0.50 - 100.76
BB0845 Dunite - - 23.07 ±0.41 - - 0.52 ±0.05 - - 0.00 ±0.00 - - 99.93 0.21
BB0844 Deformed 19.95 ± 0.36 20.31 ± 0.30 20.30 ± 45 2.04 ± 0.07 2.08 ± 0.10 2.08 ± 0.10 0.00 ± 0.00 0.00 ± 0.00 0.01 ± 0.01 99.95 0.52 99.74 ± 0.40 100.20 0.39
BB0813 Deformed 20.23 ±0.85 20.90 ±0.25 20.55±0.38 1.74±0.08 - 1.72 ±0.07 0.01±0.00 0.00±0.00 0.00 ±0.00 99.76 0.41 99.82 ±0.30 99.63 0.30
BB0839 Deformed 20.38 ± 0.07 20.38 ±0.07 20.66 ±0.68 2.08 ±0.06 2.08 0.06 2.01 ± 0.14 0.00 ±0.00 0.00 ±0.00 0.01 ±0.00 100.41 0.11 100.41 0.11 100.79 0.13
BB0835 Deformed 19.93 ±0.59 20.68 ± 0.21 20.09 ± 1.00 1.99 ±0.06 2.00 0.06 1.99 0.1 0.00 ± 0.00 0.00 ±0.00 0.00 ±0.00 99.24 0.21 99.49 0.18 99.29 0.20
BB0818 H.Zone 20.53 ±0.30 20.73 ±0.22 1.96±0.05 1.78 0.05 - 0.01 0.01 0.01 ±0.01 - 99.96+0.52 99.75 0.37 -
BB0819 H.Zone 20.39 ±0.67 20.75 ±0.52 20.35±0.48 2.01 ±0.14 2.00 0.09 1.84 0.11 0.00 ±0.01 0.00 ±0.00 0.00 ±0.00 100.00 ±0.49 100.30 0.26 100.34±0.30
BB1002 Border 21.25 ±0.36 21.52 ±0.80 22.10 ± 0.20 2.08 ±0.07 1.99 0.16 1.86 0.06 0.01 ± 0.01 0.00 ±0.00 0.00 ±0.00 100.67 ±0.16 100.61 0.64 100.56 0.37
BB0840 Border 20.25 ± 0.34 19.98 ± 0.61 20.06 ± 0.76 2.16 ± .10 2.09 0.12 1.93 ± .17 0.00 ± 0.01 0.00 ± 0.00 0.01 ± 0.01 100.46 ± 0.22 100.32 + 0.58 100.18 0.57
BB1022 Border 20.72 ±0.15 20.90 ±0.37 20.76 vO.27 2.06 ±0.13 2.02 0.15 1.96 ±0.09 0.00 ±0.00 0.02 ± 0.02 0.00 ±0.01 100.61 0.1 100.46 0.47 100.65 0.26
BB1017 Border 19.54 ± 0.87 20.27 ± 0.23 20.33 ± 0.25 2.39 ±.15 2.26 0.14 2.03 ± .13 0.00 ± 0.01 0.00 ± 0.00 0.01 ± 0.01 100.56 0.42 100.79 ± 0.27 100.93 0.15
Oxide analyses in wt.% Nr -number of coexisting mineral pairs analy:ed
Error is 1-sigma variationfrom mean
Mg - = cationic [Mg (Mg - Fe)} *100
Cr - - cationic {Cr (Cr+A I)}*100
* indicates approximate error associated to the geothermometer and barometer when number oflmineral pairs, 3.
**number of coexisting pairs used in T calculation
***number of grains in geochemical analysis
Element ratios (e.g., Al Ca) are cationic porph = porphyroclast
Oxide totals of all analyses are 100 1..5 H. Zone = heterogeneous zone
" = no core rim neo relationships
lahble 2b. Averages of Orthopyroxene Electron Microprobe (EMPA) Data from Beni Bousera Ultramafics
INo. Grains***
Sample Facies (core )rim)(neo) SiO2 TiO2 Cr203 Al2O3
porph core porph nm neo porph core porph rim neo porph core porph rim neo porph core porph rim neo
BB0847 Porphyroclastic (10)(10)(15) 54.60 ± 0.14 55.08 ± 0.51 55.06 ± 0.60 0.13± 0.01 011± 0.03 0.11 ± 0.02 0.38 ± 0.02 0.30± 0.08 0.27± 0.08 5.12± 0.35 4.40 ± 0.99 3.56± 0.93
BB0841 Porphyroclastic (6)(3)(16) 54.59± 0.28 54.06 ±0.16 55.06±0.28 0.15± 0.01 0.11± 0.01 0.11 ±0.02 0.30± 0.01 0.26± 0.01 0.21± 0.03 4.59± 0.09 4.48± 0.40 4.13+0.38
BB1001 Porphyroclastic (1)(2)(1) 54.33 55.48 ±0.22 54.79 0.19 0.11± 0.05 0.077 0.39 0.26 ± 0.06 0.20 6.83 5.07 ± 0.88 400
BB1012 Porphyroclastic (17)(3)(6) 54.01± 0.31 53.81± 0.39 55.19±0.58 0.15± 0.02 012± 0.01 0.11± 0.02 0.41± 0.02 0.41± 0.01 0.21± 0.05 6.00±0.05 5.82± 0.15 4.27±0.72
BB1013 Porphyroclastic (8)(2X4) 53.99± 0.34 54.93 ±0.36 54.83± 0.44 0.16 ±0.02 0.13±0.00 0.13±0.02 0.25± 0.03 0.24± 0.01 0.19±0.02 5.80 ±026 5.05±0.13 4.18 ±0.32
LZP2" Secondary (-)(-)(-) 54.48± 0.40 - 0.10 ± 0.04 - - 0.67 ± 0.14 - - 4.55 ± 0.49 - -
B43' Secondary (-)(-)(-) 54.58± 0.30 - 0.10± 0.02 - - 0.68 ±0.1 - - 4.95± 0.30 - -
BB0823 Secondary (1)(1)(7) 55.7 57.36 56.48± 0.78 0.05 0.04 0.06 ±0.02 0.86 028 0.53± 0.24 286 1.37 2.14± 0.57
BB0810 Secondary (4)(4)(4) 54.67 ± 0.56 54.95± 0.38 54.92± 0.25 0.11 0.03 0.10+0.01 0.09 ± 0.01 0.65± 0.13 0.56 ±008 0.44 ± 0.04 4.38 ± 0.50 3.58± 0.44 3.24 ± 0.30
BB0833 Secondary (14X10)(-) 54.30± 0.35 54.92 ±0.28 - 0.12±0.05 0.09 ±0.04 - 0.79± 0.06 0.64±0.09 - 5.70± 0.25 489± 0.29 -
BB0809 Secondary (7)(7)(6) 55.89± 0.60 56.29± 0.41 55.93± 0.52 0.06 0.03 0.05 ±0.02 0.05± 0.01 0.43± 0.11 0.33±0.10 0.40 ±0.18 2.91± 0.52 2.53± 0.56 2.85±0.70
BBI020 Secondary (7)(2)(5) 54.09 ± 0.28 54.82± 0.07 55.55± 0.52 0.10 0.01 0.08 ± 0.01 0.06 ± 0.02 0.50 ± 0.02 0.51± 0.01 0.33± 0.07 5.72 ± 0.06 5.63 ±0.13 4.23± 0.52
BB1006 Secondary (17X3)(4) 55.15± 040 55.71± 041 56.47± 0.46 0.14 0.02 0.13± 0.00 0.15±0.03 0.74±0.06 0.59± 0.03 0.39± 0.07 3.84± 0.11 3.61± 007 2.80± 0.40
BB0829 Primary (13X6)(4) 53.72 ±0.26 53.87± 076 54.56 ± 0.23 0.18 0.03 0.17 ±0.04 0.11± 0.02 0.43± 0.03 0.47± 0.07 0.23 ± 0.05 6.01 ± 0.33 5.38± 0.92 4.34 ± 0.24
BB0849b Primary (4)(4)(6) 54.37± 0.33 54.63± 0.45 54.90 ± 0.34 0.13 0.01 011± 0.03 0.12± 0.02 0.33 ± 0.02 0.29± 0.02 026 ± 002 4.89± 0.20 4.31 ± 0.35 4.03± 0.26
BB0830 Primary (6)(12)(16) 55.17±0.31 55.24±0.64 55.16± 0.50 0.14 0.04 0.12± 0.07 0.13± 0.02 0.23± 0.05 0.25± 0.10 0.23±0.04 3.74±0.50 3.58± 0.72 3.70±0.64
BB 1005 Primary (18X6)(4) 55.60 ± 0.44 56.56 ± 0.45 5665± 0.22 0.10 0.02 0.07± 0.03 0.08± 0.01 0.75 ±005 0.56± 0.09 0.41 ± 0.05 4.22 ± 0.26 3.32 ±0.43 3.13 ± 0.18
BB011 Primary (16X4)(5) 54.53± 0.52 55.07 .64 55.44 ± 0.54 0.11 0.03 0.04 ± 0.01 0.10 ± 0.02 0.50 ± 0.07 0.34 ± 0.03 0.33 ±0.02 5.31 ±0.40 4.07± 0.24 4.05 ± 0.19
BB1010 Primary (5)(5)(4) 55.39±0.25 55.93± 0.46 54.99 ±0.83 0.10± 0.01 0.08 ±0.02 0.06 ±0.01 0.38± 0.01 0.33± 0.04 0.32± 0.02 4.56± 0.11 3.91± 0.62 4.34±0.39
BB1007 Primary (3)(1X4) 5382±0.13 54.71 54.86± 0.54 0.22± 0.03 0.07± 0.03 0.12± 0.03 0.35±0.02 0.56± 0.09 0.18± 0.04 686± 0.03 567 4.58±0.45
BB0845 Dunite (-)(-)(14) - - 56.47 ± 0.19 - - 0.02± 0.00 - - 0.41 0.076 - - 1.68± 0.43
BB0844 Deformed (5)(16)(3) 53.92±0.95 - 55.29 ±0.61 0.19±0.09 0.14± 0.03 0.13 ±0.04 0.38±0.1 0.30± 0.05 0.27 0.05 5.76± 0.88 4.74± 0.46 4.36±0.47
BB0813 Deformed (11)((0x9) 54.78± 0.09 55.13 0.18 55.03 ± 0.26 0.06± 0.01 0.07± 0.01 0.04± 0.01 0.43 0.02 0.36± 0.02 037 0.02 4.87 ± 0.06 4.36 ± 0.13 4.44 ± 0.10
BB0839 Deformed (2)(1X6) 54.72 ±0.25 55.63 55.33 ± 0.80 0.11 ± 0.03 0.08 0.09± 0.02 0.27 0.11 0.18 0.22 0.08 4.53 ± 0.56 3.44 3.77 ± 080
BB0835 Deformed (1)(2)(4) 54.67 55.40± 0.67 55.74 ±0.46 0.13 0.11 ± 0.00 0.11 ± 0.02 0.32 0.27 ± 0.03 0.24 0.05 5.02 4.45± 0.28 4.29 ± 0.71
BB0818 H. Zone (4)(4)(-) 54.54± 043 54.60± 0.23 - 015± 0.05 0.10±0.02 - 0.35± 0.09 0.30±0.09 - 4.61± 0.78 4.46± 0.74 -
BB0819 H. Zone (10)(10X6) 54.83± 0.31 55.36±0.21 55.32± 0.27 0.11± 0.02 0.10± 0.03 0.11± 0.02 0.39 ±002 0.26 ±003 0.28±0.05 5.21±.23 4.13 ±0.24 4.44± 0.37
BB1002 Border (4)(-)(2) 53.09±0.53 - 56.37± 0.08 0.15±0.01 - 010± 0.00 0.48± 0.01 - 0.21 0.01 6.45V0.04 - 3.78±0.05
BB0840 Border (15)(4)(6) 54.43 ± 0.33 55.22 + 044 55.52 ± 0.36 0.17± 0.03 013 0.02 0.11± 0.03 0.37± 0.04 0.24 ± 0.06 0.21 ±003 5,75 + 036 4.77 + 0.58 4.20± 0.50
BB1022 Border (7)(8X-) 54.88± 0.19 54.98± 0.29 - 0.13± 0.02 0.14 002 - 0.61± 0.03 0.56 ±006 - 5.31±0.13 4.98±0.34 -
BB1017 Border (10(11)(8) 55.38± 0.19 55.63 ±0.49 56.16 0.49 0.15± 0.02 0.14 0.04 010 0.03 0.50± 0.03 0.45±0.10 0.240.06 4.57± 0.24 4.19± 0.65 3.10 0.53
Oxide analyses in wt.% Nr = number of coexisting mineral pairs analyzed
Error is 1-sigma variation from mean
Mg cationic (Mg (Mg+Fe)} *100
Cr cationic {Cr (Cr Al)) *100
Element ratios (e.g., Al Ca) are cationic
Oxide totals of all analyses are 100 - 1.5
* indicates approximate error associated to the geothermometer and barometer when number of mineral pairs 3.
**number of coexistingjpairs used in T calculation
***number of grains in geochemical analysis
porph = porphyroclast
H. Zone = heterogeneous zone
" no core rim neo relationships
Table 2b. Averages of Orthopyroxene Electron Microprobe (EMPA) Data from Beni Bousera Ultrama/ics (cont)
INo. Grains***
Sample Facies (core)(rim)(ned Fe2O3 FeO MnO MgO
porph core porph rim neo porph core porph rim neo | porph core porph rim neo porph core porph rim neo
BB0847 Porphyroclastic(10)(10)(15) 0.39 ± 0.18 0.39 ± 0.63 1.68 ± 0.26 6.69 ± 0.18 6.76 ± 0.65 5.34 ± 0.22 0.00 ± 0.00 0.00 ± 0.00 0.015 0.01 32.26 ± 0.01 32.66 + 0.62 33.42 ± 0.50
BB0841 Porphyroclasti (6)(3)(16) 0.45 ± 0.40 1.04 ± 0.35 0.25 ± 0.22 7.68 ± 0.34 7.14 ± 0.26 7.98 ± 0.21 0.10 + 0.02 0.13 ± 0.01 0.13 0.01 31.68 ± 0.20 31.71 ± 0.27 31.93 ± 0.18
BB1001 Porphyroclastic(1)(2)(1) 0.00 0.00±0.00 1.89 6.29 6.47±0.28 4.79 0.15 0.15 ±0.01 0.15 31.09 32.68±0.51 33.68
BB1012 Porphyroclastic (17)(3)(6) 0.41 ± 0.51 1.10 ± 0.72 0.67 ± 0.39 6.66 ± 0.36 6.27 ± 0.70 6.78 ± 0.37 0.14 ± 0.01 0.13 ± 0.01 0.16 ± 0.01 31.40 ± 0.44 31.68 ± 0.06 32.62 ± 0.49
BB1013 Porphyroclasti< (8)(2)(4) 0.40 ± 0.38 0.00 ± 0.00 0.88 ± 0.73 6.63 ± 0.31 6.82 ± 0.17 6.16 ± 0.65 0.15 ± 0.02 0.15 ± 0.01 0.15 ± 0.01 31.92 ± 0.35 32.36 ± 0.13 32.72 ± 0.28
LZP2" Secondary (-)(-)(-) 0.44 ± 0.49 - - 5.43 ± 0.49 - - 0.13 ± 0.03 - - 32.70 ± 0.48 - -
B43' Secondary (-)(-)(-) 0.43 ±0.31 - - 5.38 ±0.31 - 0.15 ± 0.02 - - 0.15 ±0.02 - -
BB0823 Secondary (1)(1)(7) 0.68 0.06 0.75 0.41 4.95 5.35 5.00 ±0.42 0.00 0.00 0.01 ± 0.01 34.17 35.14 34.60 ±0.41
BB0810 Secondary (4)(4)(4) - - - 5.63 ±0.58 5.48 ±0.05 6.20 ±0.09 0.09 ±0.05 0.10 0.02 0.12 ±0.02 33.76 ±0.20 34.33±0.09 34.59 ±0.28
BB0833 Secondary (14)(10)(-) 0.02 ±0.08 0.00 ± 0.00 - 6.41 v 0.31 6.58 ±0.25 - 0.11 ±0.02 0.011 0.02 - 31.20 ± 0.82 31.88+0.78 -
BB0809 Secondary (7)(7X6) 0.41 ±0.50 0.65±0.37 0.35 0.27 5.77 ±0.47 5.66 ±0.35 5.87 0.29 0.00 ±0.01 0.01 0.01 0.00 ±0.00 33.78 ±0.37 34.19 ±0.33 33.82±0.39
BB1020 Secondary (7)(2)(5) 0.68 ±0.49 0.00 ±0.00 0.40 0.41 5.23 ±0.41 5.74 ±0.09 5.41 0.041 0.13 ±0.01 0.13 0.00 0.13 ±0.01 32.74 ±0.14 32.60 ±0.08 33.61 ±0.17
BB1006 Secondary (17)(3)(4) 0.26 ±0.33 0.84 0.73 0.67 5.06 ±0.33 4.69 ±0.66 508 0.63 0.13 ±0.12 0.13 0.01 0.13 ±0.01 33.08 ±0.45 33.92 ±0.21 34.52 ±0.69
BB0829 Primary (13)(6)(4) 0.49 ±0.35 0.74 ±0.60 0.68±0.45 7.23 ±0.27 7.02 ±0.64 7.22 0.42 0.11 ±0.02 0.12 0.01 0.12 ±0.01 31.01 ±0.31 31.27 ±0.66 32.02 ±0.30
BB0849b Primary (4)(4)(6) 0.64 ±0.69 0.69 ±0.85 0.55 ±0.45 6.50 ±0.61 6.53 v 0.79 6.72 0.42 0.01 ±0.00 0.01 0.01 0.01+0.01 32.25 ±0.17 32.36 ± 0.39 32.50 ± 0.19
BB0830 Primary (6)(12)(16) 1.96 ±0.27 1.85 ± 0.10 2.02 ±0.28 5.13 ±0.31 5.15 ±0.31 5.07 0.22 0.16 ± 0.02 0.15 0.02 0.16 ± 0.02 33.61 ±0.51 33.77 ± 1.10 33.65 ± 0.41
BB1005 Primary (18)(6)(4) 0.20 ±0.41 0.13 ±0.16 0.16 ± 0.24 5.51 ±0.34 5.66±0.20 5.84 0.20 0.14 ±0.01 0.14 0.01 0.12 ±0.01 33.10± 0.45 34.12 ±0.48 34.11 ±0.10
BB1011 Primary (16)(4)(5) 0.99±0.69 1.96 ±0.43 1.40 ±0.63 4.98±0.60 4.19 ±0.42 4.80 0.80 0.12 ±0.01 0.15 0.01 0.13 ±0.01 32.98 ±0.47 33.92±0.29 33.98 ±0.21
BB1010 Primary (5)(5)(4) 0.18±0.17 0.11 ±0.18 1.45± 1.25 5.69 ±0.20 5.79 ±0.20 4.63 1.02 0.13±0.01 0.14+0.01 0.13+±0.01 33.22 v0.17 33.63±0.32 33.72±0.28
BB1007 Primary (3)(1)(4) 0.00 ±0.00 0.07 0.58± 1.09 7.14 ±0.09 7.13 6.64±0.95 0.16 ±0.01 0.13 0.16 ±0.02 30.76 ±0.29 32 32.44 ±0.31
BB0845 Dunite (-)(-)(14) - - 1.60± 0.43 - - 4.21 0.39 - 0.14 ±0.02 - - 35.01 ± 0.23
BB0844 Deformed (5)(16)(3) 0.52 ±0.56 0.33 ±0.69 0.22 ±0.31 6.59 ±0.51 6.77 ±0.63 7.15 0.30 0.11 ± 0.01 0.11 ± 0.02 0.12 ± 0.01 31.16± 1.02 32.01 ±0.74 32.30 ± 0.21
BB0813 Deformed (11)(10)(9) 1.07 ±0.37 0.70 ±0.47 0.82 ±0.40 5.41 ±0.33 5.82±0.45 5.68±0.35 0.00 ±0.01 0.00 ±0.00 0.01 ±0.01 33.13 ±0.14 33.28 ±0.23 33.33 ±0.16
BB0839 Deformed (2)(1)(6) 0.86± 0.27 0.68 0.60 ±0.85 6.05 ±0.19 6.45 6.40 0.68 0.00 ±0.00 0.01 0.01 ± 0.01 32.73 ±0.37 33.39 33.04± 0.44
BB0835 Deformed (1)(2)(4) 0.23 0.41 ± 1.02 0.00 ± 0.00 6.67 6.53 ± 1.04 6.92 0.06 0.02 0.01 ± 0.00 0.01 ± 0.00 32.22 32.76 ± 0.04 32.81 ± 0.40
BB0818 H. Zone (4)(4)(-) 0.92 ±1.00 0.99 ±0.58 - 5.37 ±0.80 5.65 ±0.36 - 0.01±0.01 0.01±0.00 - 31.93 ±1.95 33.04 ±0.22
BB0819 H. Zone (10)(10)(6) 0.05+0.16 0.31±0.37 0.04 0.08 7.11±0.18 7.00 0.32 7.20 ±0.11 0.11 ±0.02 0.11 ±0.02 0.11 0.01 31.90+0.36 32.55±0.21 32.39 0.22
BB1002 Border (4)(-)(2) 2.37 ±0.71 - 0.10 ±0.15 3.96 ±0.70 - 6.49 ±0.08 0.13 ±0.01 - 0.16 ±0.03 31.77 ±0.48 - 33.49±0.28
BB0840 Border (15)(4)(6) 0.17±0.28 0.21 ± 0.21 0.06 ±0.13 7.75 ±0.24 7.89 ±0.19 8.03 ±0.14 0.11 ±0.01 0.12 ±0.01 0.13 ±0.01 31.42+±0.53 32.08±0.18 32.25±0.22
BB1022 Border (7)(8)(-) 0.13 ±0.22 0.13 ±0.22 - 6.04 ± 0.22 6.15 ±0.20 - 0.12 ± 0.02 0.13 ± 0.01 - 32.84 ±0.31 32.97 ±0.19 -
BB1017 Border (10)(11)(8) - - 0.48 0.42 6.82 ±0.04 6.88 ±0.09 6.46 0.32 0.13±0.01 0.13 ±0.01 0.15±0.01 32.73 ±0.10 32.90 ±0.35 33.58 0.17
Oxide analyses in wt. % Nr =number of coexisting mineral pairs analyzed
Error is 1-sigma variationfrom mean
Mg - cationic (Mg (Mg -Fe)] *100
Cr ., cationic {Cr (Cr+Al)}*100
Element ratios (e.g., Al Ca) are cationic
Oxide totals of all analyses are 100 + 1.5
* indicates approximate error associated to the geothermometer and barometer when number of mineral pairs
**number of coexisting pairs used in T calculation
***number of grains in geocheiiical analysis
porph - porphyroclast
H. Zone - heterogeneous zone
no core rim neo relationships
Table 2b. Averages of Orthopyroxene Electron Microprobe (EMPA) Datafrom Bent Bousera Ultramafics (cont.)
No. Grains***
Sample Facies (core)(rim)(ne<CaO Na2O K20 Total
porph core porph rim neo porph core porph rim neo porph core porph rim neo porph core porph rim neo
BB0847 Porphyroclastit(10)(10)(15) 0.61 v 0.01 0.49 ± 0.10 0.49 ± 0.10 0.09 ± 0.00 0.06 ± 002 0.04 ± 0.03 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 100.26 ± 0.22 100.25 0.18 100.13 ± 0.35
BB0841 Porphyroclastit(6)(3)(16) 0.69 ±0.24 0.56 ±0.18 0.50 ±0.07 0.06 ±0.02 0.05 ±0.03 0.05±0.02 0.00 ±0.00 0.00 ±0.00 0.00±0.00 100.29 ±0.50 99.54 0.25 100.33 ±0.20
BB1001 Porphyroclasti(1)(2)(1) 1.03 0.60 ±0.12 0.35 0.12 0.04 ±0.03 0.03 0 0.00 ±0.00 0.01 100.43 100.85 0.61 100.53 ± 0.48
BB1012 Porphyroclastit(17)(3)(6) 0.99 ±0.36 0.88 ±0.11 0.51 ±0.04 0.13 ± 0.02 0.10 ± 0.04 0.07 ± 0.03 0.00 0.00 0.00 ± 0.00 0.00 ± 0.00 100.31 0.33 100.33 0.21 100.59 ±0.25
BB1013 Porphyroclastit(8)(2)(4) 0.58 ±0.18 0.49 ±0.01 0.46 ±0.06 0.05 ±0.06 0.07 ±0.01 0.08 ±004 0.00 0.00 0.01 ±0.00 0.00 ±0.00 99.94 0.28 100.22 0.52 99.76 0.47
LZP2" Secondary (-)(-)(-) 0.60 ± 0.42 - - 0.05 ± 0.03 - - 0.05 0.13 - - 99.30 0.46 - -
B43' Secondary (-)(-)(-) 0.83 ± 0.49 - - 0.08 ± 0.05 - - 0.00 0.00 - - 99.96 ± 0.37 - -
BB0823 Secondary (1)(1)(7) 0.46 0.39 0.54 ±0.12 0.05 0.03 0.05 ±0.02 0.00 0.00 0.00 99.78 100.03 100.16 0.35
BB0810 Secondary (4)(4)(4) 0.71 ± 0.12 0.54 + 0.05 0.52 ± 0.06 0.10 + 0.01 0.04 ± 0.01 0.02 ± 0.02 0.00 ± 0.0 0.00 ± 0.00 0.00 ± 0.00 100.58 ± 0.24 100.47 ± 0.22 100.13 ± 0.32
BB0833 Secondary (14)(10)(-) 1.51 ±0.97 1.09+0.90 - 0.12 ± 0.08 0.06 ± 0.06 - 0.00 ±0.00 0.00 ±0.00 - 100.28 ±0.36 100.26 ±0.35 -
BB0809 Secondary (7)(7)(6) 0.58 ±0.11 0.50 ±0.09 0.50 ±0.07 0.02±0.02 0.02 ±0.01 0.02 ±0.02 0.00 ±0.00 0.00 ±0.00 0.00 0.00 99.86 ±0.34 100.23±0.22 99.79 0.39
BB1020 Secondary (7)(2)(5) 0.66 ± 0.11 0.86 ± 0.20 0.52 ± 0.12 0.04 ± 0.02 0.07 0.0 0.06 ± 0.01 0.01 ± 0.01 0.00 ±0.01 0.00 0.00 99.89 ±0.33 100.44 ±0.17 100.31 ±0.06
BB1006 Secondary (17)(3)(4) 1.24±0.39 0.73 ±0.12 0.56 ±0.09 0.09 ±0.04 0.11 0.11 0.04 ±0.02 0.00 ±0.01 0.00 ±0.00 0.00±0.00 100.09±0.4 100.46 ±0.36 100.81 0.41
BB0829 Primary (13)(6)(4) 0.80 ±0.25 0.91 ±0.41 0.56 ±0.10 0.12 ±0.04 0.11 0.07 0.04 ±0.03 0.00 ±0.01 0.00 ±0.00 0.00 0.00 100.12 0.52 99.96 ±0.25 99.89±0.38
BB0849b Primary (4)(4)(6) 0.63 ± 0.06 0.60 ± 0.04 0.60 ± 0.05 0.06 ± 0 0.05 ± 0.01 0.06 + 0.02 0.00 ± 0.00 0.00 ± 0.00 0.00 ±0.00 99.80 ± 0.07 99.59 ± 0.41 99.73 0.26
BB0830 Primary (6)(12)(16) 0.55+0.54 0.49 ± 0.95 0.53 ± 0.09 0.04 ± 0.06 0.01 ± 0.09 0.04 ± 0.03 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 100.74 0.20 100.61 ± 0.31 100.70 0.21
BB1005 Primary (18)(6)(4) 1.07 ± 0.41 0.63 ± 0.19 0.56 ± 0.04 0.07 ± 0.04 0.01 ± 0.01 0.03 ± 0.01 0.01 ± 0.01 0.01 ± 0.00 0.00 ± 0.00 100.76 0.51 101.22 ± 0.53 100.85 ± 0.52
BB1011 Primary (16)(4)(5) 0.80±0.40 0.55 ±0.04 0.49±0.06 0.08±0.03 0.08 ±0.03 0.05 ±0.02 0.0 0.01 0.00 ±0.00 0.01 ±0.00 100.39 0.59 100.37 ±0.63 100.78 ±0.49
BB1010 Primary (5)(5)(4) 0.62 ± 0.03 0.48 ± 0.13 0.51 ± 0.08 0.09 ± 0.03 0.05 ± 0.04 0.06 ± 0.03 0.00 ± 0.00 0.01 ± 0.00 0.00 ± 0.00 100.37 0.36 100.45 ± 0.23 100.22 ± 0.49
BB1007 Primary (3)(1)(4) 0.95 ±0.47 0.67 0.50' 0.10 0.04 ±0.09 0.08 0.01 ±0.09 0.00 0.00 0 0.00 ± 0.00 100.35 0.28 100.84 100.15 ±0.40
BB0845 Dunite (-)(-)(14) - - 0.54±0.09 - - 0.01 ±0.01 - - 0.00 ±0.00 - - 100.08 ±0.36
BB0844 Deformed (5)(16)(3) 1.31+0.98 0.75 ± 0.54 0.55 ± 0.10 0.14 0.11 0.08 ± 0.06 0.05 ± 0.04 0.00 0.00 0.00 ± 0.00 0.01 ± 0.00 100.08 ± 0.70 100.10 ± 0.74 100.44 + 0.54
BB0813 Deformed (11)(10)(9) 0.57 ±0.06 0.49 ± 0.07 0.48 ± 0.04 0.08 V 0.04 0.05 ± 0.02 0.03 ± 0.01 0.00 0.00 0.00 ± 0.00 0.00 ± 0.00 100.42 ±0.16 100.27 ± 0.33 100.22 ±0.28
BB0839 Deformed (2)(1)(6) 0.55 ± 0.14 0.35 0.45 ± 0.10 0.05 ± 0.01 0.02 0.03 ± 0.02 0.00 ± 0.00 0 0.00 ± 0.00 99.88 ± 0.13 100.24 99.94 0.42
BB0835 Deformed (1)(2)(4) 0.7 0.69 ± 0.20 0.58 ± 0.08 0.06 0.05 ± 0.02 0.04 ± 0.03 0 0.00 ± 0.00 0.00 ± 0.00 100.03 100.69 0.19 100.73 0.15
BB0818 H. Zone (4)(4)(-) 1.71 ± 1.94 0.48 ± 0.10 - 0.18 ± 0.21 0.05 ± 0.02 - 0.00 ± 0.00 0.00 ± 0.00 - 99.78 + 059 99.67 ± 0.45 -
BB0819 H. Zone (10)(10)(6) 0.50 ± 0.10 0.61 0.07 0.63 ± 0.07 0.06 ± 0.02 0.07 ± 0.02 0.07 0.02 0.0 0.00 0.01 ± 0.01 0.00 ±0.00 100.28 ± 0.37 100.50 0.35 100.58 0.38
BB1002 Border (4)(-)(2) 1.45 ± 0.51 0.45 ±0.02 0.22 ±0.05 - 0.07 0.03 0.01 0.01 - 0.01 ±0.00 100.08 0.46 - 101.23 0.13
BB0840 Border (15)(4)(6) 0.66 ±0.47 0.41 0.10 0.44 ±0.09 0.07 ±0.04 0.05 ±0.01 0.04 0.03 0.00 0.01 0.01 0.0 0.01 ±0.00 100.88 ±0.34 101.11 0.04 100.99 0.16
BB1022 Border (7)(8)(-) 0.41 ±0.10 0.39 0.04 - 0.04 ±0.02 0.04 ±0.01 - 0.00 0.00 0.00 0.00 - 100.52±0.31 100.47 0.37 -
BB1017 Border (10)(11)(8) 0.33 ±0.04 0.39±0.09 0.42 0.04 0.03+0.01 0.03 ±0.02 0.03 0.02 0.01 VO.011 0.01 0.01 0.00 0.00 100.65 ±0.15 100.74 0.17 100.72 0.19
Oxide analyses in wt.% Nr = number of coexisting mineral pairs analyzed
Error is I-sigma variation fom mean
Mg cationic (Mg (Mg+Fe)) *100
Cr ' cationic (Cr (Cr+ Al)) *100
Element ratios (e.g., Al Ca) are cationic
Oxide totals of all analyses are 100 1.5
* indicates approximate error associated to the geothermometer and barometer when number of mineral pairs 3.
**number of coexisting pairs used in Tcalculation
***number of grains in geochemical analysis
porph = porphyroclast
H. Zone = heterogeneous zone
" = no core rim neo relationships
Table 2c. Averages of Olivine Electron Microprobe (EMPA) Datafrom Beni Bousera Ultramafics


































Mg # = cationic (Mg/(Mg+Fe)} *100
40.09 ± 0.39 10.53 ± 0.20
39.69 ±0.13 11.13 ±0.19
40.38 ±0.55 10.31 ± 0.14
39.99 ±0.17 11.57 ±0.18
40.15 ±0.33 11.03 ± 0.10
40.54 ± 0.16 8.94 ± 0.28
40.89 ± 0.17 8.89 ± 0.30
39.94 ± 0.06 8.43 ± 0.04
39.89± 0.06 9.31 ± 0.14
40.15 ±0.16 9.17 ±0.08
40.37 ± 0.09 9.17 ± 0.07
40.57 ± 0.17 9.28 ± 0.02
40.37 ± 0.09 8.57 ± 0.08
39.68 ±0.10 10.84 ±0.11
39.94 ±0.13 10.57 0.10
40.36 ±0.08 10.31 ± 0.16
40.68 ±0.09 9.10 0.10
40.31 ±0.14 9.24± 0.11
40.49 ±0.35 9.15 ±0.10
40.27 ±0.14 11.24 0.08
40.43 ±0.19 9.98 0.15
40.32 ± 0.09 9.37 ± 0.09
40.72 ± 0.11 8.30 0.08
39.92 ± 0.28 9.99 ± 0.09
40.47 ± 0.21 8.96 ± 0.06
39.52+0.11 10.50 ±0.07
39.74±0.10 10.27 ±0.13
40.16 ± 0.25 9.59 ± 0.05
39.67 ± 0.14 9.58 ± 0.09
40.44 ± 0.62 10.14 ± 0.17
39.18 ±0.29 11.10 ±0.12
40.83 ± 0.12 9.78 0.08


































0.40 ± 0.05 49.03 ± 0.42 0.02 ± 0.01 100.21 0.55
0.31 ± 0.05 48.51 ± 0.24 0.02 ± 0.01 99.41 0.34
0.28 ± 0.04 49.07 ± 0.63 0.01 ± 0.01 100.18 0.31
0.45 ± 0.01 47.66 ± 0.24 0.01 ± 0.01 99.82 0.20
0.32 ± 0.04 47.76 ± 0.21 0.01 ± 0.01 99.40 ± 0.35
0.44 ± 0.05 49.57 ± 0.20 0.02 ± 0.01 99.71 0.35
0.44 ± 0.04 49.95 ± 0.32 0.01 ± 0.01 100.36 0.58
0.36 ± 0.02 50.22 ± 0.11 0.02 ± 0.01 99.08 0.07
0.41 ± 0.05 50.20 ± 0.18 0.01 ± 0.01 99.98 0.27
0.30 ± 0.05 50.16 ± 0.20 0.03 ± 0.01 99.90 0.26
0.45 ± 0.04 50.19± 0.16 0.01 ± 0.01 100.31 0.20
0.29 ± 0.04 49.40 ± 0.10 0.00 ± 0.00 99.67 0.28
0.37 ± 0.02 50.02 ± 0.23 0.02 ± 0.01 99.45 0.22
0.27 ± 0.04 48.63 ± 0.20 0.01 ± 0.01 99.50 0.34
0.45 ± 0.06 48.60 ± 0.22 0.01 ± 0.01 99.75 0.23
0.39 ± 0.02 49.55 ± 0.27 0.01 ± 0.01 100.77 0.26
0.36 ± 0.02 49.89 ± 0.13 0.02 ± 0.01 100.17 0.19
0.36 ± 0.04 49.78 ± 0.15 0.00 ± 0.00 99.80 0.22
0.40 ± 0.03 49.81 ± 0.15 0.01 ± 0.01 99.99 ± 0.35
0.38 ± 0.02 47.33 ± 0.18 0.01 ± 0.01 99.39 ± 0.28
0.36 ± 0.04 48.89 ± 0.23 0.00 ± 0.00 99.79 ± 0.19
0.36 ± 0.04 50.15 ± 0.07 0.02 ± 0.01 100.39 0.23
0.40 ± 0.02 51.08 0.015 0.01 ± 0.01 100.63 + 0.18
0.33 ± 0.04 49.55 0.18 0.01 ± 0.01 99.93 ± 0.24
0.47 ± 0.03 49.69 0.44 0.02 0.02 99.69 ± 0.39
0.40 ± 0.05 48.81 ± 0.08 0.02 ± 0.01 99.38 ± 0.19
0.42 ± 0.05 49.15 ± 0.22 0.01 ± 0.01 99.72 ± 0.17
0.31 ± 0.06 49.73 ± 0.19 0.01 ± 0.01 99,96 ± 0.26
0.33 ±0.03 49.72 ±0.11 0.02± 0.01 99.41 ± 0.19
0.35 ± 0.02 48.96 ± 0.08 0.00 ± 0.00 100.02 0.65
0.28 ± 0.06 48.97 ± 0.27 0.01 ± 0.01 99.65 0.36
0.39 ± 0.05 49.64 ± 0.11 0.00 ± 0.00 100.81 0.12



































Table 2d Averages of Spniel Electron Microprobe (EMPA) Data from Beni Bousera Ultramoics
Sample Facies No. grains SO2 TiO2  Cr20 3  A1203  Fe 2O3  FeO MnO NiO MgO CaO ZnO Total Cr# Cr/Al
BB0847 Porphyroclastic 17 0.02± 0.04 0.07 ±0,03 9.09 ±1.12 58.72± 1.44 1.44 ± 0.79 11.03 ± 0.51 0. I I ± 0.02 0.39± 0.02 19.58± 0.29 0.01± 0.02 0.09 ± 0.11 100.55± 0.32 9.3 ± 1.2 0.10 0.(1
BB0841 Porphyroclastic 10 0.01 ±0.01 0.03± 0.02 7.56±0.61 60.62± 0.58 0.89± 0.23 10.39± 0.26 0(09±+).)4 0.41 ±0.02 20.05 ±0.17 0.00± 0.01 0.19± 0.04 100.26± 0.30 7.7±0.6 0.08±0.01
BB0823 Secondar 4 0.04 ±0.02 0.12± 0.04 34.20± 645 34.03± 6.55 2.37± 0.21 15.62± 2.12 0.25± 0.08 0.10±0.01 14.24 ±2.08 0.01 ±0)1 0.19± 0.07 101.16±0.10 39.6 ±8.8 0.72 0.26
BB0810 Secondary 3 0.00 ±0.00 0.03 ±0.00 19.38 ± 104 49.22 ± 0.65 2.25 ± 0.30 12.42 ±0.05 0.13± 0.01 0.18± 0.01 17.95 0.08 0.01 ± 0.01 0.20± 0.02 101.59 ± 0.04 20.4 ±1.1 0.27 0.02
BB0833 Secondary 17 0.02 ±0.01 0.03 ±0.03 18.11 ± 2 37 49.96 ± 2.45 2.11 ± 0.39 11.85 ± 0.65 0.16 0.3 0.24± 0.04 108 ±0.66 0.05 ± 0.06 0.32± 0.07 10093± 0.35 18.9 ± 2.8 0.25 0.04
BB0809 Secondar 3 0.01 ±0.00 0.14± 005 22.29 ± 0 65 47.02 ± 0.53 1.31 ± 0.16 12.73 ± 0.10 0.17 0.02 0.18± 0.02 17.46± 0.08 0.00 + 0.00 0.28+0.05 101.59 ±0.10 23.8 ± 0.7 0.32 0.01
BB0829 Priman 9 0.01± 0.01 0.06±003 7.48± 0.59 60.70 ±0.82 0.70± 0.36 10.48 ±0.19 (.08 ±04 0.39±0.02 19.98±0.19 0.00±0.00 0.22± 0.02 100.10± 0.42 87 ±1.1 0.10±0.01
BB0830 Primary 4 0.00± 0.00 0.10 ± 0.02 8.70+ 1.24 59.42 ± 1.15 1.28± 0.23 9.36 0.37 0.11 0.02 0.40 ± 0.03 20.71 ±0.35 0.00± 0.00 0.00 0.00 100.08 ± 0.11 8.8 ±1.3 0.10 ±0.02
BB0808 Dunite 3 0.02± 0.01 0.02± 001 7.61 1.38 60.92± 1.29 1.47± 0.13 10.11 0.33 0.14+0.01 0.41±0.04 20.42 ±0.23 0.00 0.00 0.25± 0.04 101.37± 0.21 7.6±1.4 0.08 ±10.02
BB0845 Dunite 5 0.05± 0.04 0.07 ± 0.01 40.38 124 27.79± 1.12 3.03 ± 0.30 15.32 011 0.25 ± 0.02 0.09± 0.02 13.81± 0.17 0.01 0.01 0.00± 0.00 100.79± 0.65 47.7 1.6 1.10 ± 0.07
BB0844 Deformed 10 0.02± 0.01 0.08±10.03 8.07±2.79 59.91+2.91 1.21± 0.35 10.42 1.05 0.11±0.04 0.39±0.05 20.03±0.94 0.00 0.01 017± 0.06 100.39± 0.22 8.21.8 0.09±0.02
BB0813 Deformed 5 0.03 ±0.01 0.47 ±0.12 44.28+0.16 15.99±0.86 9.14±0.31 24.35+1.14 0.56± 0.12 (.11± 0.01 6.56 0.86 0.00 0.00 0.53± 0.02 102.01±017 57.70.9 1.95± 0.10
BB0839 Deformed 4 0.00+0.00 001± 0.01 7.76 0.72 61.46 ±084 0.33± 0.21 1.17 0.24 0.09 ±).1 0.24±0.02 19.98 0.24 0.00+0.00 0.04±0.03 101.08 ±0.16 7.8 0.8 0.080.01
BB0835 Deformed 2 006± 0.02 0.05± 001 7.750.68 60.88± 0.42 1.02 ±0.09 10.85 0.33 0.12 ±0.00 0.33± 0.00 20.050.20 0.02 ±0.00 0.24±0.02 101.37 ±0.17 7.8 0.7 0.09±0.01
BB0818 H. Zone 3 0.03± 0.02 0.06 ±0.04 10.91i 151 56.11 ± 1.62 2.89± 0.76 10.36 0.95 0.11± 0.04 0.39 ±0.02 19.68i0.75 0.02 ±0.02 0.23± 0.04 100.81±0.22 11.2±1.7 0.13± 0.02
BB0819 H. Zone 9 0.02 ±0.01 0.08 ±0.02 9.371.74 58.20±1.54 2.18+0.18 9.87+0.51 0.11±0.04 0.41±0.03 20.24t0.38 0.01 ±0.00 015 ±0.04 100.63± 0.52 9)0+1.0 0.10+0.01
BB0840 Border 8 0.01 + 0.01 0.04± 0.02 7.07 1.37 61.05 ± 1 35 1.06 0.18 10.58 0.38 0.12± 0.03 0.38 ± 0.03 20.03 0.37 0.00+0.00 O)18±0.04 100.52±0.23 6.7 1.0 0.07±0101
BB1022 Border 1 0.01 0)00 11.32 58.48 - 11.24 0.12 0.33 19.95 0.01 0.15 101.61 - -
BB1017 Border 4 0.00± 0.00 0 0.01 13.22±056 56.76± 0.51 - 10.58± 0.39 0.14±0.01 0.28±0.01 19.26 ±0.04 0.00 ±0.00 0.05 ±0.01 100.31± 0.44 13.5 0.6 0.16±0.01
Table 3. LAICPMS (Olivine) and EMPA (spinel) data shown in Figure 7
Olivine Spinel
Sample Type Mg# Ni (ppm) Ti (ppm) Cr #
BB0830 primary 0.90 3582 8.9 0.23
0.90 3537 13.0 0.25
0.90 3561 10.8 0.24
BB0849B 0.90 3522 10.8
0.90 3403 12.3 0.57
0.90 3473 15.7 0.64
BB0829 0.91 3668 7.1 0.26
0.91 3636 8.9 0.51
0.91 3489 13.2 0.39
0.91 3447 14.0 0.42
BB0809 secondary 0.89 3699 16.2 0.10
0.89 3716 29.1 0.07
0.90 3603 31.0 0.09
0.88 2829 19.6 0.10
BB0823 0.89 2732 17.4 0.08
0.89 2774 44.6 0.07
0.89 2716 24.0 0.10
0.89 3301 25.7
BB0810 0.89 3241 20.9
0.89 3365 17.9
0.90 3119 15.9 0.22
BB0833 0.90 2998 12.0 0.21
0.90 3038 18.7 0.19
0.90 3541 16.4 0.11
BB0813 deformed 0.90 3545 24.3 0.08
0.90 3455 12.9 0.08
BB0839 0.89 4164 16.0 0.08
0.88 3966 28.3 0.08
BB0835 0.89 3912 24.3 0.09
0.89 3715 22.7 0.10
BB0844 0.89 3225 15.1 0.09
0.89 3020 26.8 0.08
0.88 3229 0.07
BB0840 border 0.88 3192 0.06
0.88 3069 0.08
0.91 3981 4.2 0.49
BB0847 porphyroclastic 0.91 3864 2.3 0.49
0.91 3818 4.0 0.46
0.91 3611 2.7 0.51
0.91 3637 4.2 0.51
BB0841 0.90 2985 8.9 0.15
0.90 3001 10.4 0.17
0.90 2926 12.8 0.22
BB0819 h. zone 0.89 3163 23.7 0.09
0.89 3039 14.9 0.07
0.88 2900 21.2 0.08
BB0845 dunite 0.88 2914 4.2 0.08
0.88 2843 2.3 0.08
0.89 2869 4.0 0.08
0.89 2819 2.7 0.08
0.89 2786 4.2 0.08
h. zone = heterogeneous zone
Mg# = mol {Mg/(Mg+Fe)}
Cr# = mol {Cr/(Cr+AI)}
Table 4. Bulk Major and Trace Element Compositions of Beni Bousera Ultramafics by XRF
Sample BB-08-30 BB-10-05 BB-10-07 BB-10-10 BB-10-14 BB-10-21 BB-08-11 BB-10-06 BB-10-20 BB-08-08
Type sp. Lherzolite sp. Lherzolite sp. Lherzolite sp. Lherzolite sp. Lherzolite sp. Lherzolite sp. Lherzolite sp. Lherzolite sp. Lherzolite dunite






















































































*Fe203 is total iron

















































































































































































Table 4. Bulk Major and Trace Element Compositions of Beni Bousera Ultramafics by XRF (cont)
Sample BB-10-24 BB-08-18 BB-10-12 BB-10-13 BB-08-47 BB-10-02 BB-10-17 BB-10-22 BB-10-04 BB-10-11 BB-10-25
Type dunite sp. Lherzolite sp. Lherzolite sp. Lherzolite sp. Lherzolite grt lherzolte grt Iherzolite grt lherzolite sp. Lherzolite sp. Lherzolite orthopyroxenit
Facies refractory Hetero. Zone porphyroclasti porphyroclasti porphyroclasti border border border deformed deformed Hetero. Zone
SiO2 (wt%) 42.94 44.82 47.67 45.02 44.13 45.10 44.18 44.19 44.35 43.70 54.03
TiO2  0.01 0.14 0.17 0.18 0.13 0.10 0.13 0.09 0.13 0.06 0.04
Al20, 0.63 3.93 3.91 3.93 3.09 3.34 3.23 2.75 3.43 2.09 5.10
Fe20 3 * 8.94 8.32 8.94 9.47 9.50 8.85 8.88 8.70 8.94 8.65 6.62
MnO 0.14 0.15 0.15 0.16 0.15 0.15 0.15 0.15 0.15 0.14 0.12
MgO 45.90 38.20 34.05 36.95 39.34 38.30 39.33 40.89 38.94 42.45 30.85
CaO 0.49 3.84 4.07 3.38 2.86 3.03 2.91 2.45 3.13 1.99 2.11
Na 2O - 0.22 0.15 0.14 0.13 0.15 0.16 0.11 0.21 0.03 0.07
K2O - - - - - - 0.01 - - 0.01 -
P20, 0.01 0.01 0.01 0.02 0.01 0.01 0.01 0.01 0.01 0.01 -
LOI % 5.32 0.44 0.77 3.08 3.18 1.22 4.98 4.70 4.12 3.88 0.27
Total 99.06 99.63 99.12 99.25 99.34 99.03 98.99 99.34 99.29 99.13 98.94
Mg# 83.7 82.1 79.2 79.6 80.5 81.2 81.6 82.5 81.3 83.1 82.3
Pb (ppm) 29 - 1 1 3 - 1 - - - -
Rb 18.9 - 0.3 0.2 0.3 - 0.3 - 0.2 0.4 0.4
Ba 54 1 3 1 1 1 1 - - 1 1
Th 4 - - - - - - - - -
U 1 - - - - - -
Nb 0.4 - - - 0.1 0.1 - 0.1 0.1
La 8 3 1 1 1 2 1 3 2 1 1
Ce 10 2 - - - 2 1 - 1 - -
Sr 499 15 17 15 12 4 10 7 11 6 6
Zr 52 6 8 9 6 2 6 4 6 3 3
Ti 500 1300 1600 1600 1100 900 1300 800 1100 600 600
Y 3.2 3.7 3.8 3.8 3 2.9 3 2.5 3.3 1.5 1.5
V 16 66 73 64 54 61 58 49 55 37 37
Cr 2051 2593 2423 2297 2299 2519 2389 2257 2140 2239 2239
Ni 1853 1847 1837 2038 2056 1965 2062 1922 2178 2178
Zn 30 48 52 58 56 54 49 48 48 47 47
Ga 7 3 4 3 3 3 2 2 3 2 2
*Fe2O3 is total iron
Mg# is cationic ({Mg}/{Mg+total Fe}) x 100
Table 5. Trace element compositions (ppm) of Beni Bousera peridotites by solution ICPMS
BB-11-82 BB-11-84 BB-10-07 BB-10-10 BB-10-11 BB-10-14 BB-08-30 BB-10-05 BB-11-85 BB-11-86
Facies Primary primary primary primary primary primary primary primary secondary secondary
Sc 4.724 1.085 4.660 10.612 5.169 7.767 6.051 6.003 3.427 2.222
V 21.437 37.646 68.019 38.849 38.370 54.454 64.524 30.401 25.477 19.524
Sr 2.020 4.717 7.435 1.393 1.781 2.626 10.696 2.631 1.429 3.129
Y 0.797 1.836 3.508 1.644 1.271 2.417 3.455 0.605 0.984 0.582
Zr 0.716 0.749 4.200 1.455 1.652 3.109 5.037 1.737 1.285 0.275
Nb 0.032 0.005 0.029 0.036 0.050 0.040 0.042 0.032 0.013 0.018
Ba 0.081 0.002 - 0.141 0.100 0.092 0.001 0.047 0.063 0.034
La 0.021 0.039 0.124 0.031 0.065 0.108 0.149 0.038 0.030 0.021
Ce 0.078 0.165 0.502 0.126 0.221 0.341 0.550 0.139 0.111 0.069
Pr 0.017 0.039 0.107 0.031 0.042 0.069 0.110 0.029 0.027 0.014
Nd 0.107 0.271 0.683 0.204 0.235 0.426 0.667 0.187 0.169 0.076
Sm 0.047 0.122 0.313 0.102 0.097 0.183 0.272 0.068 0.075 0.032
Eu 0.021 0.055 0.127 0.045 0.045 0.072 0.108 0.028 0.032 0.012
Gd 0.050 0.145 0.186 0.073 0.066 0.114 0.292 0.065 0.075 0.046
Tb 0.015 0.037 0.079 0.035 0.028 0.054 0.076 0.015 0.020 0.011
Dy 0.110 0.270 0.625 0.276 0.204 0.388 0.542 0.096 0.147 0.083
Ho 0.027 0.064 0.138 0.065 0.043 0.084 0.124 0.022 0.034 0.021
Er 0.082 0.183 0.372 0.184 0.136 0.246 0.352 0.062 0.098 0.063
Tm 0.016 0.034 0.065 0.033 0.024 0.044 0.060 0.010 0.017 0.012
Yb 0.088 0.195 0.372 0.197 0.128 0.245 0.337 0.069 0.097 0.064
Lu 0.013 0.031 0.057 0.029 0.022 0.038 0.054 0.010 0.016 0.011
Hf 0.024 0.078 0.145 0.054 0.055 0.113 0.159 0.053 0.046 0.015
Ta 0.004 0.003 0.006 0.007 0.008 0.007 0.008 0.005 0.004 0.003
Pb - - 0.001 0.064 0.020 0.036 - - 0.205 -
Th 0.001 - - - 0.001 0.001 0.002 0.001 0.001 0.001
U 0.001 - - - - - 0.001 0.001 0.001 -
Table 5. Trace element compositions (ppm) of Beni Bousera peridotites by solution ICPMS (cont.)
BB-10-06 BB-10-20 BB-10-12 BB-10-13 BB-08-47 BB-08-18 BB-08-08 BB-11-83 BB-10-02 BB-10-17 BB-10-22
Facies secondary secondary porphyroclastic porphyroclastic porphyroclastic pophyroclastic dunite border border border border
Sc 9.277 3.073 5.176 5.116 7.248 6.034 0.831 4.007 4.736 5.444 6.275
V 35.655 48.443 65.175 62.216 50.729 59.033 6.479 18.897 59.161 50.631 41.911
Sr 3.663 - 8.933 8.220 10.379 11.329 0.411 1.482 3.316 4.389 1.808
Y 0.817 1.703 2.981 3.214 2.446 2.787 0.079 0.670 2.335 2.410 1.896
Zr 3.473 0.812 4.886 5.293 3.857 3.268 0.242 0.749 1.374 3.631 2.557
Nb 0.071 0.072 0.048 0.028 0.064 0.038 0.047 0.028 0.056 0.083 0.044
Ba - 0.276 0.013 0.263 0.216 - 0.029 0.023 0.474 0.353 0.053
La 0.050 0.034 0.206 0.173 0.185 0.124 0.056 0.040 0.045 0.132 0.100
Ce 0.201 0.118 0.692 0.595 0.572 0.434 0.104 0.129 0.137 0.455 0.289
Pr 0.045 0.026 0.124 0.115 0.102 0.090 0.012 0.023 0.037 0.089 0.055
Nd 0.292 0.187 0.733 0.700 0.561 0.533 0.037 0.114 0.251 0.502 0.324
Sm 0.095 0.087 0.259 0.288 0.200 0.232 0.011 0.044 0.151 0.184 0.130
Eu 0.034 0.041 0.115 0.114 0.082 0.089 0.001 0.018 0.068 0.078 0.057
Gd 0.054 0.062 0.174 0.176 0.206 0.246 - 0.049 0.175 0.126 0.089
Tb 0.018 0.035 0.070 0.075 0.053 0.058 0.003 0.013 0.046 0.056 0.040
Dy 0.131 0.244 0.486 0.529 0.368 0.437 0.009 0.096 0.348 0.387 0.287
Ho 0.028 0.061 0.109 0.121 0.086 0.096 0.003 0.023 0.085 0.087 0.068
Er 0.084 0.189 0.309 0.355 0.242 0.292 0.010 0.072 0.245 0.245 0.193
Tm 0.014 0.032 0.054 0.059 0.042 0.051 0.001 0.013 0.043 0.042 0.036
Yb 0.087 0.187 0.299 0.328 0.230 0.281 0.010 0.075 0.249 0.247 0.199
Lu 0.014 0.031 0.051 0.052 0.040 0.044 0.002 0.013 0.039 0.041 0.030
Hf 0.087 0.035 0.171 0.172 0.113 0.113 0.004 0.030 0.080 0.116 0.073
Ta 0.010 0.008 0.008 0.007 0.011 0.007 0.007 0.005 0.010 0.011 0.008
Pb 0.024 - 0.021 0.643 1.359 - 0.195 - - 0.183 0.018
Th 0.001 0.001 0.003 0.002 0.003 0.001 0.017 0.002 0.003 0.004 0.002
U - 0.001 0.001 0.002 0.002 0.001 0.012 0.001 0.001 0.002 0.001
Appendix 1a. Averages of clinopyroxene trace element analyses by LAICPMS (ppm)
Sample: BB0841 porphyroclastic Sample: BB0847 porphyroclastic
Porph n=3 neo n=2 Porph n=2 neo n=3
Avq 2-sigma avq 2-sigma Avg 2-sigma avq 2-sigma
Pb 0.041 0.007 0.045 0.022 Pb 0.018 0.022 0.152 0.460
Th 0.460 0.162 0.436 0.077 Th 0.683 0.193 0.665 0.416
U 0.974 0.203 0.803 0.131 U 1.462 0.168 1.052 0.349
Nb 0.185 0.167 0.153 0.059 Nb 0.788 0.253 0.587 0.325
Ta 0.781 0.059 0.467 0.766 Ta 2.153 0.473 1.579 1.357
La 3.578 0.239 3.346 0.295 La 4.875 0.078 4.720 0.314
Ce 4.991 0.301 4.719 0.495 Ce 5.939 0.163 6.074 0.537
Sr 6.787 0.939 6.711 1.831 Sr 7.611 0.049 7.651 0.831
Nd 7.271 0.168 6.993 0.910 Nd 7.196 0.055 7.527 0.332
Sm 8.586 1.574 8.361 2.667 Sm 8.266 1.168 7.407 1.197
Zr 6.363 0.118 6.484 0.673 Zr 5.564 0.134 5.881 1.014
Eu 8.329 1.227 8.519 1.301 Eu 7.452 1.362 8.120 1.264
Ti 7.787 0.683 7.025 0.515 Ti 6.083 0.216 6.834 1.410
Gd 8.454 0.750 8.284 0.003 Gd 8.184 0.997 8.161 2.230
Dy 7.132 0.776 8.064 2.136 Dy 8.053 0.185 7.994 1.040
Y 5.640 1.565 6.324 2.683 Y 7.621 0.188 7.722 0.410
Er 5.499 1.831 6.213 3.324 Er 7.485 0.403 8.051 0.163
Yb 4.038 2.529 5.091 3.476 Yb 7.353 0.471 7.950 1.389
Lu 3.408 1.770 3.552 3.731 Lu 6.289 0.166 6.336 1.036
Sample: BB0810 secondary Sample: BB0809 secondary
Porph n=2 neo n=3 Porph n=2 neo n=2
Avg 2-sigma avq 2-sigma Avg 2-sigma avq 2-sigma
Pb 0.015 0.012 0.017 0.020 Pb 0.011 0.003 0.022 -
Th 0.943 0.243 0.741 0.630 Th 0.623 0.571 0.358 0.046
U 0.697 0.447 0.542 0.290 U 0.788 0.588 1.256 -
Nb 0.202 0.015 0.216 0.091 Nb 0.377 - 0.278 0.027
Ta 1.070 0.512 0.583 0.762 Ta 1.483 0.821 0.662 0.301
La 2.367 0.050 2.074 0.408 La 2.696 0.081 2.632 0.352
Ce 3.434 0.226 3.183 0.468 Ce 3.748 0.387 3.690 0.165
Sr 6.594 0.433 6.695 0.883 Sr 5.541 0.033 5.479 0.658
Nd 5.648 0.270 5.577 0.874 Nd 6.069 0.715 5.959 0.039
Sm 7.251 0.410 7.696 0.921 Sm 6.899 0.664 6.672 0.307
Zr 5.733 0.376 5.661 1.284 Zr 5.837 0.421 6.234 0.832
Eu 7.741 0.724 6.922 2.440 Eu 6.036 1.062 6.819 2.104
Ti 4.889 0.523 4.849 1.865 Ti 3.400 0.007 3.637 0.453
Gd 6.957 0.272 7.113 1.856 Gd 5.883 2.048 6.067 1.918
Dy 6.834 0.784 6.687 1.019 Dy 5.680 0.240 5.723 1.221
Y 6.175 0.049 5.900 0.945 Y 4.668 0.527 4.836 0.083
Er 6.109 0.303 5.621 0.932 Er 4.689 0.362 5.165 1.141
Yb 5.624 0.695 5.792 1.597 Yb 4.328 0.840 5.058 1.434
Lu 4.769 0.740 5.034 0.751 Lu 4.007 0.298 4.702 0.955
Appendix la. Averages of clinopyroxene trace element analyses by LAICPMS (ppm) (cont)
Sample: BB0833 secondary Sample: BB0849b Primary
Porph n=2 neo n=4 Porph n=1 neo n=3
Avg 2-sigma avq 2-sigma Avg 2-sigma avq 2-sigma
Pb 0.002 - 0.012 0.011 Pb 0.016 - 0.043 0.090
Th 0.850 0.157 0.841 0.619 Th 0.615 - 0.424 0.174
U 0.577 0.024 1.051 0.155 U 0.698 - 0.621 0.220
Nb 0.652 0.092 0.690 0.349 Nb 0.353 - 0.198 0.053
Ta 1.219 0.649 0.931 1.252 Ta 1.116 - 0.783 1.039
La 1.855 0.040 1.808 0.129 La 3.594 - 2.951 1.945
Ce 2.339 0.028 2.190 0.141 Ce 5.037 - 3.790 2.126
Sr 3.243 0.102 3.322 0.218 Sr 6.737 - 5.647 3.106
Nd 3.844 0.112 3.907 0.621 Nd 8.176 - 5.603 2.569
Sm 5.413 0.966 5.243 1.356 Sm 7.405 - 6.494 2.780
Zr 2.960 0.276 2.989 0.586 Zr 6.395 - 5.541 1.978
Eu 5.949 1.302 5.900 0.884 Eu 8.875 - 7.180 3.409
Ti 3.880 0.482 4.064 0.838 Ti 6.610 - 5.624 1.990
Gd 7.725 1.244 6.611 1.035 Gd 8.890 - 7.031 3.273
Dy 7.354 0.754 7.548 0.841 Dy 9.146 - 8.607 4.120
Y 7.273 0.656 7.028 0.645 Y 8.905 - 7.637 3.472
Er 7.713 0.994 7.260 0.993 Er 9.128 - 7.766 2.904
Yb 6.932 1.228 7.264 0.821 Yb 9.822 - 7.840 3.231
Lu 6.788 0.687 6.919 0.963 Lu 7.734 - 7.387 3.722
Sample: BB0830 Primary Sample: BB0829 Primary
Porph n=1 neo n=3 Porph n=2 neo n=2
Avq 2-sigma avq 2-sigma Avq 2-sigma avq 2-sigma
Pb 0.007 - 0.018 - Pb 0.009 0.014 0.004 -
Th 0.441 - 0.413 0.384 Th 0.532 0.160 0.496 0.222
U 0.698 - 0.574 0.571 U 0.839 0.237 1.491 1.538
Nb 0.466 - 0.207 0.138 Nb 0.552 0.111 0.470 0.514
Ta 1.162 - 0.940 0.420 Ta 1.638 0.572 1.134 1.768
La 3.091 - 2.669 0.452 La 3.971 0.019 4.137 1.486
Ce 4.290 - 3.776 0.627 Ce 5.176 0.176 5.086 0.465
Sr 5.789 - 5.104 0.714 Sr 6.468 0.458 6.250 0.874
Nd 5.617 - 5.557 1.103 Nd 6.958 0.209 7.148 0.093
Sm 7.563 - 7.081 0.374 Sm 8.376 0.712 8.560 1.489
Zr 6.124 - 6.588 0.957 Zr 7.370 0.596 7.545 0.307
Eu 8.360 - 8.479 0.149 Eu 8.860 1.252 9.331 1.870
Ti 7.031 - 7.255 0.695 Ti 7.535 0.135 7.348 0.835
Gd 9.623 - 8.392 0.837 Gd 10.158 0.537 9.019 2.987
Dy 9.640 - 8.824 1.769 Dy 9.663 0.934 9.416 1.090
Y 8.711 - 8.632 0.769 Y 8.967 0.356 9.154 0.972
Er 9.360 - 8.812 1.421 Er 9.420 0.447 9.390 1.412
Yb 8.454 - 8.159 1.209 Yb 8.416 0.343 8.607 0.591
Lu 8.699 - 7.989 1.141 Lu 8.555 0.995 7.865 0.369
Appendix la. Averages of clinopyroxene trace element analyses by LAICPMS (ppm) (cont)
Sample: BB0835 Deformed Sample: BB0813 Deformed
Porph n=3 neo n=1 Porph n=4 neo n=3
Avg 2-sigma avq 2-sigma Avq 2-sigma avq 2-sigma
Pb 0.009 0.009 0.015 - Pb 0.010 0.001 0.011 0.005
Th 0.261 0.146 0.184 - Th 0.126 0.052 0.131 0.190
U 0.584 0.445 0.445 - U 0.443 0.212 0.193 0.254
Nb 0.191 0.016 0.103 - Nb 0.043 - 0.044 -
Ta 0.724 0.495 0.730 - Ta 0.485 - 0.447 0.464
La 2.939 0.131 2.703 - La 1.293 0.243 1.215 0.458
Ce 4.187 0.084 4.160 - Ce 2.076 0.206 2.137 0.568
Sr 6.720 0.364 6.417 - Sr 4.110 0.530 4.116 1.504
Nd 6.647 0.589 5.778 - Nd 4.139 0.610 4.109 1.600
Sm 8.037 1.120 8.540 - Sm 6.527 1.047 5.414 1.674
Zr 6.418 0.277 6.700 - Zr 3.922 0.390 3.969 1.181
Eu 8.821 0.874 7.964 - Eu 6.436 0.820 6.264 1.591
Ti 7.000 0.442 7.281 - Ti 4.261 0.480 4.302 1.260
Gd 8.925 0.250 9.390 - Gd 7.044 1.008 6.993 2.255
Dy 9.865 0.484 10.001 - Dy 7.628 0.862 7.882 1.768
Y 9.204 0.516 9.230 - Y 7.555 0.770 7.695 2.128
Er 9.162 0.766 9.509 - Er 8.076 1.149 7.685 1.862
Yb 9.002 0.541 8.763 - Yb 7.584 1.129 7.629 2.225
Lu 8.815 0.334 8.592 - Lu 6.559 0.142 6.841 1.558
Sample: BB0839 Deformed Sample: BB0844 Deformed
Porph n=3 neo n=4 Porph n=2 neo n=3
Avg 2-sigma avq 2-sigma Avg 2-sigma avq 2-sigma
Pb 0.021 0.009 0.033 0.031 Pb 0.008 0.003 0.009 0.007
Th 0.761 0.495 0.732 0.435 Th 0.588 0.112 0.351 0.165
U 0.966 0.892 1.173 0.614 U 1.060 0.188 0.701 0.929
Nb 0.721 0.552 0.609 0.529 Nb 0.543 0.245 0.327 0.115
Ta 1.214 0.214 0.727 0.693 Ta 1.304 1.308 1.171 0.630
La 3.034 0.350 2.849 0.665 La 2.824 0.147 2.731 0.203
Ce 4.573 0.419 4.268 0.875 Ce 3.990 0.199 3.639 0.347
Sr 6.537 0.699 6.455 1.265 Sr 6.311 0.133 5.798 0.081
Nd 6.985 0.942 5.774 0.980 Nd 6.324 0.208 5.937 0.469
Sm 8.259 0.494 7.608 1.326 Sm 8.242 0.146 7.346 0.305
Zr 6.251 0.698 6.336 1.033 Zr 6.433 0.008 6.445 0.722
Eu 9.188 0.777 8.718 2.626 Eu 8.898 0.709 8.059 0.700
Ti 6.909 1.195 6.970 1.292 Ti 6.744 0.429 6.797 1.221
Gd 9.441 1.070 8.814 3.203 Gd 9.702 1.969 9.678 0.992
Dy 9.439 0.584 9.013 1.028 Dy 10.361 0.206 10.049 0.565
Y 8.688 0.689 8.095 1.217 Y 9.644 0.042 9.272 0.493
Er 8.443 0.941 8.009 1.831 Er 9.972 0.339 9.372 1.180
Yb 8.719 0.590 8.296 0.750 Yb 9.251 0.455 9.419 0.397
Lu 8.322 1.772 7.143 1.892 Lu 9.180 0.817 9.248 1.323
Appendix la. Averages of clinopyroxene trace element analyses by LAICPMS (ppm) (cont)
Sample: BB0840 Border Sample: BB0819 H. Zone Boundary
Porph n=4 neo n=5 Porph n=2 neo n=3
Avq 2-sigma avq 2-sigma Avq 2-sigma avq 2-sigma
Pb 0.047 0.009 0.042 0.008 Pb - - 0.045 0.054
Th 0.660 0.443 0.618 0.235 Th 0.343 0.326 0.367 0.513
U - - - - U 0.990 0.270 0.790 0.060
Nb 0.320 0.064 0.164 0.099 Nb 0.130 0.105 0.117 0.105
Ta 1.131 1.047 0.869 0.452 Ta 0.557 0.651 0.672 0.330
La 2.920 0.124 2.444 1.716 La 2.719 0.152 2.721 0.277
Ce 4.418 0.207 3.677 2.486 Ce 4.011 0.006 3.949 0.403
Sr 6.085 0.303 5.690 1.460 Sr 5.914 0.646 6.175 0.118
Nd 7.555 0.524 7.240 0.527 Nd 6.327 1.298 6.333 0.240
Sm 8.888 0.706 9.019 1.591 Sm 8.383 1.384 7.710 0.710
Zr 6.950 0.414 7.022 0.528 Zr 6.454 0.104 6.655 0.878
Eu 9.463 0.817 9.124 1.698 Eu 8.292 0.431 8.342 1.453
Ti 7.402 0.318 7.292 0.433 Ti 6.180 0.335 6.213 0.649
Gd 10.515 1.704 9.872 2.001 Gd 9.587 0.085 8.628 0.727
Dy 10.375 0.180 9.591 1.239 Dy 9.373 1.295 9.767 0.447
Y 9.373 0.363 9.184 0.598 Y 9.236 0.117 9.057 0.591
Er 9.802 1.108 9.384 1.006 Er 9.577 0.438 9.211 0.610
Yb 9.224 0.716 9.097 1.139 Yb 9.189 0.380 8.665 2.118
Lu 8.101 1.862 8.413 1.804 Lu 9.125 1.042 7.676 1.528





















































BB0809 BB0813 BB0823 BB0830 BB0847
secondary 2-sigma deformed 2-sigma secondary 2-sigma primary 2-sigma porphyroclastic 2-sigma
n=4 n=2 n=4 n=3 n=4
1.973 0.145 1.578 0.224 1.663 0.395 1.599 0.618 1.447 0.209
10.873 4.105 13.987 4.806 0.806 6.628 25.430 16.075 26.423 24.821
0.765 0.201 0.680 0.326 0.613 0.283 0.845 0.369 0.506 0.168
18.626 3.897 16.343 2.537 20.613 8.854 5.083 4.776 5.922 1.641
1332.235 93.162 1268.822 9.580 1131.013 32.220 1402.024 19.415 1379.189 42.343
142.738 2.786 140.013 1.155 139.492 8.433 147.395 5.919 138.314 0.867
3550.552 52.793 3437.798 99.246 3559.812 216.782 3762.625 121.301 2762.801 101.406
35.768 3.919 29.057 3.590 33.274 10.804 31.312 5.452 25.788 4.336
BB0849b| BB0810| BB0819| BB0829| BB08391
primary 2-sigma secondary 2-sigma h. zone boundary 2-sigma primary 2-sigma deformed 2-sigma
n=3 n=3 n=3 n=4 n=2
1.508 0.449 1.768 0.218 0.162 0.043 1.535 0.183 1.579 0.035
21.506 7.850 15.561 6.699 0.016 0.011 22.831 10.249 20.921 16.493
1.236 1.309 0.518 0.265 0.008 0.000 0.608 0.309 1.084 1.489
34.079 58.307 11.605 1.560 0.001 0.000 6.039 4.179 3.970 0.227
0.139 0.013 1272.228 21.474 0.366 0.028 1359.489 28.154 1382.811 34.746
148.934 10.568 140.266 4.916 0.173 0.012 147.694 4.313 149.469 13.963
3302.417 124.304 3051.633 123.988 0.213 0.006 3939.278 368.844 3122.416 290.815
30.530 4.730 33.807 5.356 0.053 0.012 33.505 4.996 21.687 4.216
BB08401 I BB08451 BB0833| BB08351 BB0841 BB0844|
border 2-sigma Idunite 2-sigma secondary 2-sigma deformed 2-sigma porphyroclastic 2-sigma deformed 2-sigma
n=3 n=5 n=3 n=2 n=3 n=3
1.149 0.279 2.146 0.331 1.949 0.267 1.427 0.269 1.344 0.091 1.330 0.226
25.093 41.435 3.466 1.817 10.684 3.950 19.273 12.476 25.468 8.507 25.153 5.953
0.579 0.204 0.411 0.231 0.679 0.101 0.742 0.167 0.525 0.152 0.611 0.340
4.807 6.345 15.646 8.489 16.797 3.033 8.243 0.069 3.627 2.550 5.368 1.489
1490.909 73.392 1210.833 56.776 1378.975 16.001 1404.065 23.073 1418.317 42.652 1371.605 27.827
148.674 4.691 133.715 10.819 149.565 3.458 143.038 4.034 166.530 2.220 141.771 1.134
3163.410 167.399 3782.113 313.639 2970.796 '79.900 3101.119 176.023 2885.578 75.117 2824.703 83.246
23.047 2.021 31.275 13.550 36.889 3.910 30.269 0.847 27.909 5.087 22.385 0.527
Appendix Ic. Averages of orthopyroxene trace element analyses by LAICPMS (ppm)
Sample: BB0841 porphyroclastic Sample: BB0847 porphyroclastic
Porph n=3 neo n=2 Porph n=3 neo n=2
Avg 2-sigma avq 2-sigma Avg 2-sigma avq 2-sigma
Pb 0.004 0.002 0.002 - Pb 0.010 - 0.008 0.007
Th 0.179 0.155 - - Th 0.152 - 0.052 0.022
U 0.212 0.145 - - U - - 0.148 0.002
Nb 0.026 0.007 0.047 - Nb 0.060 - - -
Ta 0.183 - - - Ta 0.458 0.051 0.350 -
La 0.201 0.117 - - La 0.076 - - -
Ce 0.272 0.110 0.007 0.003 Ce 0.044 0.070 0.014 0.008
Sr 0.337 0.126 - - Sr 0.165 - 0.102 -
Nd 0.473 0.296 - - Nd 0.086 - - -
Sm 0.641 0.418 0.167 - Sm 0.287 0.375 0.171 -
Zr 0.796 0.112 0.213 0.020 Zr 0.430 0.302 0.236 0.112
Eu 0.608 0.320 0.084 - Eu 0.204 0.114 - -
Ti 2.510 0.268 1.399 0.208 Ti 1.820 0.431 1.550 0.248
Gd 0.687 0.708 0.150 - Gd 0.527 0.093 0.322 -
Dy 0.837 0.405 0.265 0.032 Dy 0.380 0.617 0.239 0.177
Y 0.796 0.530 0.399 0.408 Y 0.504 0.153 0.341 0.197
Er 0.834 0.543 0.501 0.755 Er 0.628 0.085 0.491 0.164
Yb 1.231 1.300 1.252 1.770 Yb 1.068 0.726 0.785 0.530
Lu 1.185 1.536 1.117 1.261 Lu 1.165 0.621 0.959 0.445
Sample: BB1023 secondary Sample: BB1010 secondary
Porph n=3 neo n=2 Porph n=3 neo n=2
Avg 2-sigma avq 2-sigma Avg 2-sigma avq 2-sigma
Pb 0.011 0.019 0.005 - Pb - - 0.009 0.006
Th - - 0.077 0.061 Th 0.013 0.001 0.030 0.014
U 0.217 - 0.151 - U - - 0.126 -
Nb 0.040 - 0.051 - Nb - - 0.034 -
Ta - - 0.327 - Ta - - - -
La 0.038 0.056 - - La - - 0.033 -
Ce 0.012 0.007 0.008 0.000 Ce 0.011 - 0.009 0.007
Sr 0.063 - - - Sr - - - -
Nd - - - - Nd 0.107 - - -
Sm 0.180 0.033 0.121 - Sm 0.101 - - -
Zr 0.246 0.132 0.145 0.101 Zr 0.243 0.067 0.124 0.184
Eu - - 0.132 - Eu 0.147 - 0.197 0.277
Ti 0.884 0.084 0.783 0.178 Ti 1.346 0.063 0.820 1.093
Gd 0.478 - 0.198 0.054 Gd 0.141 - 0.270 0.208
Dy 0.201 0.071 0.155 0.095 Dy 0.264 0.089 0.124 0.081
Y 0.266 0.095 0.184 0.058 Y 0.318 0.018 0.241 0.085
Er 0.377 0.218 0.177 0.153 Er 0.409 0.005 0.401 0.068
Yb 0.379 0.051 0.327 0.183 Yb 0.763 0.483 0.380 0.345
Lu 0.624 0.363 0.422 0.123 Lu 0.885 0.433 0.846 0.378
Appendix Ic. Averages of orthopyroxene trace element analyses by LAICPMS (ppm) (cont.)
Sample: BB0809 secondary Sample: BB0833 secondary
Porph n=3 neo n=2 Porph n=3 neo n=2
Avq 2-sigma avq 2-sigma Avg 2-sigma avq 2-sigma
Pb 0.013 - 0.011 - Pb 0.014 - 0.004 -
Th 0.071 0.007 0.091 - Th 0.100 0.025 0.054 -
U - - 0.170 - U 0.190 - -
Nb 0.028 - 0.225 0.452 Nb 0.053 0.063 - -
Ta - - 0.608 0.254 Ta - - 0.526 -
La - - 0.058 - La 0.044 0.033 - -
Ce 0.037 0.007 0.012 0.005 Ce 0.044 0.050 - -
Sr - - 0.149 0.025 Sr 0.073 0.054 0.069 -
Nd - - 0.139 - Nd 0.187 - - -
Sm - - 0.283 0.165 Sm 0.261 0.335 0.108 -
Zr 0.420 0.200 0.379 0.155 Zr 0.295 0.224 0.090 0.032
Eu - - 0.270 0.196 Eu 0.239 0.161 0.105 0.100
Ti 1.144 0.240 1.105 0.124 Ti 1.235 0.281 0.735 0.042
Gd 0.289 - 0.401 - Gd 0.323 0.139 0.558 -
Dy 0.233 0.197 0.286 0.181 Dy 0.397 0.379 0.159 0.007
Y 0.361 0.113 0.326 0.138 Y 0.645 0.303 0.254 0.007
Er 0.517 0.039 0.376 0.115 Er 0.871 0.245 0.352 0.013
Yb 0.824 0.044 0.856 0.431 Yb 1.484 0.345 0.844 0.463
Lu 0.759 0.030 1.163 0.268 Lu 1.510 0.150 1.094 0.131
Sample: LZP2 porphyroclastic Sample: BB0849B porphyroclastic
Porph n=3 neo n=2 Porph n=3 neo n=2
Avg 2-sigma avq 2-sigma Avq 2-sigma avq 2-sigma
Pb 0.102 0.065 - - Pb 0.022 - 0.013 0.020
Th #DIV/0! #DIV/0! - - Th 0.133 - 0.180 -
U #DIV/0! #DIV/0! - - U 0.180 - 0.174 -
Nb 0.077 0.062 - - Nb - - - -
Ta 0.090 0.089 - - Ta - - - -
La 0.091 0.128 - - La 0.110 - 0.070 0.096
Ce 0.045 0.032 - - Ce 0.078 0.026 0.038 -
Sr 0.052 0.070 - - Sr 0.174 0.017 0.130 -
Nd 0.070 0.089 - - Nd - - - -
Sm 0.121 0.120 - - Sm - - - -
Zr 0.351 0.196 - - Zr 0.501 0.255 0.231 0.002
Eu 0.141 0.157 - - Eu 0.297 - - -
Ti 1.372 0.345 - - Ti 1.835 0.396 1.288 0.118
Gd 0.177 0.155 - - Gd 0.349 0.155 0.425 0.244
Dy 0.329 0.140 - - Dy 0.514 0.506 0.279 0.111
Y 0.429 0.171 - - Y 0.658 0.198 0.394 0.066
Er 0.539 0.165 - - Er 0.943 0.174 0.379 0.041
Yb 0.925 0.148 - - Yb 1.152 0.100 0.519 0.430
Lu 1.086 0.203 - - Lu 1.406 0.992 0.907 -
Appendix 1c. Averages of orthopyroxene trace element analyses by LAICPMS (ppm) (cont.)
Sample: BB0830 primary Sample: BB0829 primary
Porph n=3 neo n=2 Porph n=3 neo n=2
Avq 2-sigma avg 2-sigma Avg 2-sigma avq 2-sigma
Pb - - 0.012 - Pb - - 0.011 -
Th 0.077 - - - Th 0.057 0.055 - -
U 0.121 - 0.291 - U 0.257 - - -
Nb 0.043 - - - Nb 0.040 - - -
Ta - - - - Ta 0.352 - 0.817 -
La 0.131 0.287 0.025 - La 0.072 0.030 - -
Ce 0.116 0.349 0.005 - Ce 0.085 0.103 0.017 0.017
Sr 0.327 - 0.070 - Sr 0.106 - - -
Nd 0.434 - 0.186 - Nd - - 0.230 -
Sm 0.375 0.491 - - Sm 0.198 - 0.116 -
Zr 0.562 0.591 0.257 0.103 Zr 0.688 0.359 0.290 0.074
Eu 0.547 - 0.223 - Eu 0.360 0.063 0.174 0.029
Ti 1.931 0.293 1.632 0.175 Ti 2.177 0.394 1.470 0.374
Gd 0.544 0.680 - - Gd 0.363 - 0.256 0.166
Dy 0.590 0.641 0.288 0.051 Dy 0.562 0.113 0.236 0.010
Y 0.691 0.704 0.393 0.165 Y 0.756 0.292 0.391 0.012
Er 0.834 0.728 0.469 0.298 Er 1.058 0.068 0.450 0.058
Yb 1.355 0.921 0.997 0.719 Yb 1.657 1.463 1.198 0.385
Lu 1.554 1.354 1.332 0.918 Lu 1.660 0.101 1.562 1.564
Sample: BB0835 deformed Sample: BB0813 deformed
Porph n=3 neo n=2 Porph n=3 neo n=2
Avg 2-sigma avq 2-sigma Avg 2-sigma avq 2-sigma
Pb 0.003 - 0.003 0.000 Pb 0.007 - 0.020 -
Th 0.032 - 0.049 - Th - - 0.039 -
U 0.112 - 0.125 - U 0.081 - 0.066 -
Nb 0.037 - 0.024 - Nb 0.014 - - -
Ta - - 0.435 0.249 Ta 0.317 - - -
La 0.038 0.072 - - La 0.048 0.063 - -
Ce 0.025 0.044 0.007 0.003 Ce 0.047 - 0.008 -
Sr - - - - Sr 0.099 - - -
Nd - - - - Nd - - -
Sm 0.174 0.188 0.141 0.182 Sm - - - -
Zr 0.429 0.182 0.279 0.068 Zr 0.279 0.122 0.121 -
Eu 0.187 0.153 0.105 0.103 Eu 0.257 - - -
Ti 1.793 0.322 1.411 0.198 Ti 1.171 0.225 0.733 -
Gd 0.229 0.040 0.276 0.191 Gd 0.461 0.701 - -
Dy 0.442 0.157 0.296 0.150 Dy 0.459 0.244 0.115 -
Y 0.572 0.172 0.408 0.099 Y 0.527 0.184 0.276 -
Er 0.785 0.379 0.627 0.203 Er 0.613 0.174 0.413 -
Yb 1.307 0.279 1.063 0.469 Yb 1.105 0.619 1.101 -
Lu 1.546 0.868 1.185 0.373 Lu 1.317 0.432 1.561 -
Appendix Ic. Averages of orthopyroxene trace element analyses by LAICPMS (ppm) (cont.)
Sample: BB0839 deformed Sample: BB0844 deformed
Porph n=3 neo n=2 Porph n=3 neo n=2
Avq 2-sigma avq 2-sigma Avg 2-sigma avq 2-sigma
Pb - - 0.008 - Pb 0.004 - -
Th 0.251 0.113 0.054 - Th 0.044 0.022 0.088 -
U 0.336 0.305 0.124 - U 0.127 0.009 0.172 -
Nb 0.049 0.031 0.068 - Nb 0.059 0.059 -
Ta - - - - Ta - --
La 0.137 0.054 - - La 0.053 0.060 - -
Ce 0.175 0.065 - - Ce 0.041 0.100 - -
Sr 0.247 0.226 - - Sr 0.160 - -
Nd 0.270 0.152 0.118 - Nd 0.137 0.093 0.084 -
Sm 0.324 - 0.231 - Sm 0.233 0.095 0.278 -
Zr 0.531 0.058 0.125 0.036 Zr 0.441 0.417 0.239 -
Eu 0.427 0.185 - - Eu 0.291 0.395 - -
Ti 1.886 0.470 1.009 0.242 Ti 1.737 0.588 1.378 -
Gd 0.463 0.595 0.265 - Gd 0.278 0.496 0.147 -
Dy 0.613 0.242 0.123 0.100 Dy 0.494 0.633 0.354 -
Y 0.684 0.037 0.196 0.130 Y 0.605 0.483 0.383 -
Er 0.780 0.259 0.277 0.189 Er 0.784 0.520 0.470 -
Yb 1.216 0.008 0.545 0.598 Yb 1.215 0.665 0.940 -
Lu 1.358 0.333 0.555 0.474 Lu 1.577 0.534 1.253 -
Sample: BB0840 deformed Sample: BB0819 deformed
Porph n=3 neo n=2 Porph n=3 neo n=2
Avq 2-sigma avq 2-sigma Avg 2-sigma avq 2-sigma
Pb 0.000 - - - Pb - - -
Th 0.071 - 0.088 - Th - - 0.039 -
U 0.000 - 0.172 - U 0.045 - 0.202 -
Nb 0.000 - - - Nb - - 0.050 -
Ta 0.000 - - - Ta - - 0.652 -
La 0.124 - - - La 0.041 - - -
Ce 0.170 - - - Ce 0.018 0.023 0.012 0.004
Sr 0.147 - - - Sr - - - -
Nd 0.455 - 0.084 - Nd - - - -
Sm 0.303 - 0.278 - Sm - - 0.250 -
Zr 0.713 - 0.239 - Zr 0.324 0.211 0.286 0.096
Eu 0.329 - - - Eu 0.150 - 0.233 0,079
Ti 2.035 - 1.378 - Ti 1.334 0.580 1.280 0.337
Gd 0.649 - 0.147 - Gd 0.401 - 0.251 0.251
Dy 0.787 - 0.354 - Dy 0.242 0.195 0.348 0.119
Y 0.745 - 0.383 - Y 0.448 0.167 0.440 0.170
Er 0.989 - 0.470 - Er 0.543 0.166 0.594 0.497
Yb 1.225 - 0.940 - Yb 1.171 0.590 0.995 0.665
Lu 1.232 - 1.253 - Lu 1.482 0.493 1.296 0.665
Sample: BB0818 deformed
Porph n=3 neo n=2
Avq 2-sigma avq 2-sigma
Pb 0.021 0.081 - -
Th 0.102 0.112 - -
U 0.158 0.156 - -
Nb 0.071 0.035 - -
Ta 0.428 0.344 - -
La 0.053 0.079 - -
Ce 0.093 0.133 - -
Sr 0.106 0.146 - -
Nd 0.150 0.213 - -
Sm 0.255 0.264 - -
Zr 0.726 0.561 - -
Eu 0.261 0.319 - -
Ti 2.030 1.117 - -
Gd 0.463 0.410 - -
Dy 0.719 0.589 - -
Y 0.896 0.662 - -
Er 1.211 0.771 - -
Yb 1.803 1.122 - -
Lu 2.298 1.345 - -
Appendix 2. Trace and major element modeling parameters
Ti and Ni in olivine (Figure 6)
Compositions of Ni and Ti in olivine (C') with changing melt fraction (F) are given by
the non-modal batch melting equation from Shaw (2006):
C=Di,-(PO,F) CO
' ( 1 - F ))D + F(1- P1)
where Di is the solid-melt partition coefficient for element i, and POI is the
stoichiometric reaction coefficient of the 15 kbar melting reaction from Kinzler (1997).
CO is the starting composition, chosen to be the average porphyroclastic peridotite (
Niolivine = 2815 ppm; Tioiivine = 26 ppm). Distribution coefficients and phase coefficients
from literature sources:
Mg# of olivine was calculated assuming KF-M = 0.3, and using the relationship:




where X7 gives the composition iron in the olivine phase. Melt compositions are
from the Till et al., (in prep) spinel lherzolite melting model. Using these melt
compositions with Fe-Mg data from Beni Bousera olivine returned a Kd value of -0.33.
Pearce-type Plot (Fiqure 11)
Residual compositions calculated according to pressure-dependant melting reactions
are plotted with Beni Bousera whole rock compositions in Figure 11. The average
primary peridotite composition from EPMA data (below) was chosen as a starting
composition, and the mantle mode was chosen based on field observations (48% ol,
30% opx, 19% cpx, 3% sp). New modes were calculated using the experimentally
derived stoichiometric reaction coefficients reported by Baker and Stolper (1994) (10
kbar) and Kinzler (1997) (15, 23 Kbar):
Coefficients
Pressure Reaction 01 Cpx Opx Sp
(Kbar)
10 31opx+58cpx+l1sp= .21 -.70 -.38 -.13
82liq + 18o1
15 6opx + 43cpx + 10sp = 0.13 -.89 -.13 -.12
25liq + 16ol
23 10o1 + 45cpx + 5sp -.08 -.92 .08 -.08
23liq + 17opx
where a negative coefficient means the phase is being consumed. Calculated modes
were converted to weight percent oxides by multiplying by starting composition
mineral composition (average primary peridotite, wt %):
CPX OPX Olivine Spinel
SiO 2  51.8 54.2 39.9
Ti02 0.65 0.16 0.08
Cr 2 03 0.65 0.36 8.5
A12 0 3  7.05 5.12 59.7
FeO 2.89 7.24 10.6 11.1
MnO 0.06 0.12 0.12 0.11
MgO 14.4 32.2 48.8 20.0
CaO 20.4 0.80 0.01
Na 2 O 1.9 0.08
K 2 0 0 0
